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GRAVITATIONAL GLIDING TECTONICS 
AN ESSAY IN COMPARATIVE STRUCTURAL GEOLOGY 


L. U. de SITTER 


ABSTRACT. Gravitational gliding tectonics explains certain folded and faulted. struc- 
tures by superficial gliding of relatively large and coherent masses down slopes under the 
influence of gravity rather than directly by lateral compression, though lateral compression 
is a possible cause of the slope. Examples of such tectonics have been described from all 
the continents except perhaps Australia. Study of these examples suggests certain dis- 
tinctive features by which gravitational gliding tectonics may be recognized: among them 
are the existence of a suitable slope, the preservation of an unthinned inverted limb, and 
in certain cases chaotic structure showing little relation to regional trends. The evidence 
clearly demonstrates, however, the close relation between lateral compression and gravity 
structures, 


INTRODUCTION 


Since the birth of the science of structural geology, geologists describing 
particular phenomena observed in the field have explained certain structures 
as the result of gliding down an inclined surface. However, the great impetus 
that the discovery of large thrust masses gave to structural geology, and the 


resulting prominence that has been given to lateral compression as the origin 
of these thrusts. has to a large extent caused structures rightly ascribed to 
gliding to be overlooked or misinterpreted. Modern thought has taken up the 
concept of gliding again and has applied it with much success to the great 
nappes of the Helvetian type in Switzerland and to the flysch nappes of both 
the western and the central Alps. 

At the same time, however, another school of thought has developed 
which emphasizes the fluidity of rocks under high confining pressure, as 
observed in laboratory experiments. and the obvious uplift that every moun- 
tain system has undergone. It attempts to explain all tectonic features by the 
influence of gravity on elevated parts of the Earth’s crust. In this view, the 
positive and negative vertical movements are caused by hypothetical processes 
at great depths. and all horizontal movements are due to sliding down hill. 
even those in the deeper parts of the crust. 

Thus there have developed two concepts of gliding, one chiefly con- 
cerned with superficial features. the other with deeply buried parts of the 
Earth’s crust. Unfortunately, though they originally sprang from widely 
different considerations, they have mingled when they met at the surface of 
the crust, and heated arguments have resulted. 

They ought to be kept separated, however. and each judged on its own 
merits, We are here concerned mostly with observable aspects of structural 
geology and not with theoretical arguments about their deep-seated cause 
and origin. 
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We shall not enter into a historical review of the development of thought 
on gliding tectonics in the last decades. | want to point out, however, that 
the idea was hatched in Grenoble by Gignoux and Schneegans (Schneegans. 
1938; Gignoux, 1948), in Lausanne by Lugeon and Gagnebin (1941), and 
in Rome and Florence by Beneo, Merla, Migliorini, and others (Migliorini, 
1933, 1936; Merla, 1951). more or less simultaneously, though it had been 
present in the mind of many geologists before. Haarman, van Bemmelen, and 
many others used it extensively but from another point of view, more indis- 
criminately and as an all-comprehensive theory. A survey of the different 
directions in which such ideas have been tending is provided in: Symposium 
sur la tectonique d’écoulement par gravité, Geologie en Mijnbouw, 12e Jaarg. 
1950, p. 329-365, containing articles by Tercier, Gignoux, Goguel, van Bem- 
melen, and de Sitter. 


PRINCIPLES OF GRAVITATIONAL GLIDING TECTONICS 

Gravitational gliding tectonics may be understood as embracing all phe- 
nomena where gravity has been the cause of movement of relatively large 
and coherent superficial portions of the Earth’s crust. In this sense it does not 
include all such movements as landslides or slumping. Starting from a single 
pebble rolling down a slope and increasing gradually the mass of the dislocated 
material gliding down, we would be able to establish a continuous scale end- 
ing with nappes of the Helvetian type. We will observe, however, that in this 
scale the smaller masses have a chaotic aspect, as in landslides, and that the 
larger the mass the more coherent the structure. Also the larger the mass the 
smaller the dip of the gliding surface need be. 

From a more theoretical point of view we can distinguish in superficial 
gliding tectonics two extremes, with all transitions between, At one end of 
the series we may place the gliding of a slab of sedimentary rock on a gliding 
surface formed most frequently by an exceptionally incompetent member of 
an otherwise competent series. Hardly any disturbance inside the slab need 
occur; for example, it may simply glide down an appropriate slope, lubricated 
at its base by shale containing salt or gypsum. At the other end of the series 
we may place the gliding of a uniformly ill-stratified mass of highly incom- 
petent strata. The basal shearing plane would be much less distinctly developed, 
and most of the movement would occur within the gliding mass, which there- 
fore would possess a more or less chaotic structure. During its downward 
course the gliding mass may even pick up and incorporate pieces of its sub- 
stratum, with the result that it might contain much younger constituents 
than expected. 

All possible transitions between the two extremes can be found. The 
sedimentary series may possess several incompetent layers, so that the original 
slab is divided into several slabs moving independently. If these intermediate 
incompetent layers are relatively thick, the competent layers may be broken up, 
and distinct secondary folds may develop, separated by internal gliding planes. 
If the incompetent mass predominates we may find large blocks or folded 
remnants of the competent layers distributed in an incoherent way throughout 
the mass. The parautochthonous flysch of the north flanks of the central 
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massifs of the Alps is a good example of this mode of folding and gliding 
(fig. 1). Some of the masses of the Argille scagliose in the northern foothills 
of the northern Apennines give a very good idea of the chaotic structure of 
a large incompetent mass of rocks in which there float fragments of the com- 
petent members of the original sequence. This so-called “Argille scagliose” 
is a comprehensive series. ranging from the Malm at least to the Cretaceous, 
and is so incompetent that it is able to form glacier-like gliding masses origi- 
nating from a simple outcrop between younger strata, as | had the occasion 
to observe in the Turinese foothills. 


Aar_ massif 


: after Albert Heim ao 
2 3 4km 


Fig. 1. The cascade folds of the sedimentary mantle of the autochthonous Aar 
massif, Switzerland, gliding down the northern slope of the massif under the influence of 
its own weight and that of the overriding Helvetian nappes, also gliding down. After 
Heim and others. 


Many good examples of remnants of synclinal and anticlinal folds of 
older and competent strata embedded in highly incompetent flysch are de- 
scribed by Schneegans (1938) in his thesis on the Ubaye-Embrunais gliding 
nappe (fig. 9). The Helvetian nappes. which originally were successive over- 
thrust anticlines, each having its own basal shearing plane at a different strati- 
graphical level in the series. illustrate nicely the case of a complicated gliding 
mass divided by incompetent layers into several independent units (fig. 12). 

The Liassic slabs on the southern border of the High Atlas. and some of 
the Cretaceous slabs on the southern border of the Pyrenees are simple un- 
divided masses of competent rocks gliding on a Triassic lubricating plane 
(fig. 10). 

The size of a gliding mass is probably dependent on several factors. If. 
as in the case of the Helvetian nappes, a pre-existing thrust plane cuts through 
the whole series from the basal shearing plane upwards to the surface and the 
back portion is then uplifted and tilted, there will be very little or no resistance 
at the front. As soon as the slope of the thrust plane is sufficient, gliding will 
start, and it will accelerate as the tilting continues. If. on the other hand, no 
previous thrust plane has developed, the resistance at the front will in general 
prevent the gliding of larger masses. As Goguel (1950) has shown, the larger 
the mass the smaller the slope of the gliding plane need be. But commonly the 
sliding will not start even if the minimum slope for a certain mass has been 
surpassed because there is not sufficient room in front and at the bottom of 
the slope, where erosion is less active anyhow. Therefore tilting can continue 
and nothing will happen until finally a gliding plane having suflicient slope 
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to start the gliding can cut through the strata upwards to the surface. At that 
moment, however, a much smaller mass can detach itself because the slope 
has considerably increased. 

How far erosion at the bottom of the slope plays an active part in pre- 
paring the necessary room in front of the gliding mass by cutting through the 
competent top layers to the basal shearing plane is impossible to determine. 
Personally I do not think erosion is a very important factor, but direct evi- 
dence either way is altogether lacking. 

EXAMPLES OF GRAVITATIONAL GLIDING 

The following examples of gravitational gliding quoted from the litera- 
ture will give us the opportunity to discuss its particular character. 

Bearpaw Mountains, Montana.—The simplest case of gliding on a tec- 
tonic scale | know is that described by Frank Reeves (1924. 1946). 
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Fig. 2. Gravitational gliding in the Bearpaw Mountains, Montana. After Reeves, 
1946. 
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In the Bearpaw Mountains, Montana, a series of mostly Upper Creta- 
ceous shale and sandstone 4500 feet thick has been domed, and the top of the 
arched dome has been eroded, In Tertiary time a great mass of extrusive 
volcanic rocks, 5000 feet in maximum thickness, accumulated on top of the 
dome. The accumulation of this localized mass caused a plainsward sliding 
of volcanics and sedimentary strata, probably on one or two particularly in- 
competent bentonite beds in the lower part of the Upper Cretaceous shale. 
Still later the central portion of the dome caved in along normal faults. The 
accompanying map and section (fig. 2) show the thrust fault pattern and the 
curious arrangement of broad unfolded belts separated by narrow folded and 
thrust zones. 

On the top of the dome there is a large gap in the volcanic cover, evidently 
because one half of the cover slid northwards and the other southwards, the 
only actual example of what we may call “tectonic denudation” I know, The 
slope never had an angle exceeding 3°, and each whole flank glided down this 
slope producing thrusts and folding in the untilted horizontal strata of the 
plain. 

The thrusts commonly merge laterally into asymmetric folds, the more 
deeply eroded structures showing thrusting. Probably no thrust plane ever 
reached the surface. The thrust planes may dip either towards the dome or 
away from it. Radial tear faults separate different blocs, with different in- 
tensity of thrusting: they have a pronounced tendency to cross the structures 
diagonally. These tear faults therefore illustrate the original stress condition, 
but subsequently they became limits to different “flows.” one advancing farther 
than its neighbor. 
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The mass that slid on the 3° slope had an average thickness of 6250 
feet and a total mass of some 55 million tons. 


Tangkuban Prahu and Karangkobar volcanoes in Java—Very similar 


to the case described by Reeves are two examples of gliding described by van 
Bemmelen (1934; 1937; 1949, p. 610, 641-644). North of the Bandung basin 
extends the Quaternary volcanic chain of the Tangkuban Prahu, in which 
we can distinguish an older and a younger volcanic series. At the foot of the 
volcanoes the volcanic series lie unconformably on folded Upper Miocene 
marine sediments. The youngest group of volcanoes, of which Tangkuban 
Prahu is the most western, lie on the axis of an elongated dome (fig. 3). On 
the northern flank of the dome a series of arcuate faults were mapped, partly 
originating in the caldera subsidence of Tangkuban Prahu itself and, judging 
by their shape, clearly independent of any general tensional faulting. The 
northern half of the dome is surrounded by the Segalaherang depression and 
that in turn by a row of hills, the Gunung Tembakan or Damm hills consisting 
of the older Quaternary volcanic blanket. The flat dips in these foothills, 
surrounding the Segalaherang depression, are almost exclusively mountain- 
wards (to the south), It seems very probable that the arcuate faults in the 
voleano mantle and the abnormal dips in the foothills are due to sliding down 
of portions of the voleanic mantle. We can imagine that similar arcuate faults 
existed also in the volcanic mantle of the Bearpaw volcano, before erosion 
obliterated them. 

A similar example is cited by van Bemmelen from the Karangkobar 
volcanic region of central Java. Here the Upper Pliocene uplift reached 
several thousand meters before the formation of the Pleistocene volcanoes and 
was accompanied by faulting and tilting of blocks of marine Lower Pliocene. 
Although some remnants of older volcanic rocks are present, most of the 
voleanics belong to the Quaternary of the Djembangan Mountain range. In 
this voleanic mantle arcuate faults have developed, which apparently repre- 
sent the upper limits of gliding blocks. These Recent faults nowadays form 
precipitous fault scarps several hundred meters high. In order to check the 
possibility that these blocks were still moving. the topographical survey trian- 
gulated the position of some of the blocks twice, with an interval of 5 years, 
and noticed a movement of 120 em, 200 em, and 200 cm. These displacements 
are supposed to be much larger than the possible errors of measurements, and 
should indicate a movement of 24 to 40 cm a year. 

Van Bemmelen describes in his work many much larger phenomena, but a 
careful comparison of his text with the accompanying map and sections allows 
considerable doubt as to the conclusiveness of the field evidence for ascribing 
his larger overthrusts to gravitational gliding. 

Lobitos oilfield, Peru.—A very uncommon type of gravity gliding is 
reported from the coastal regions of Peru and Ecuador (Baldry, 1938; Bar- 
rington Brown, 1938). The region in question is limited oceanwards by the 
coastal normal fault. along which movements presumably took place recur- 
rently, and inland by the Amotape metamorphic rocks. The Tertiary rocks 
deposited in this area measure several tens of thousands of feet of thickness 
and have been extensively explored for oil in some areas. The strata dip gently 
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oceanwards. According to the authors, slip planes developed in the gently 
dipping strata every time a sufficient thickness of rocks had been deposited 
(fig. 4). These slip planes had an original dip of 7° to 10°, and along them 
are found all kinds of distortion of the beds, often resembling structures due to 
slumping. Nevertheless the continuous character of the slip planes, and the 
regular vertical spacing of 2000 to 3000 feet at which they occur make it very 
improbable that slumping at the time of deposition of the contorted beds is 
responsible. Along with the brecciated slip zones, sand dikes appear, cutting 
perpendicularly through the formation. 


Eponioes Shale 


Fig. 4. Schematic section through the Lobitos oilfield, Peru. From Baldry, 1938. 


It seems highly probable that gliding has been favored by a decrease 
of grain pressure as the impermeable shales prevented the escape of water ex- 
pelled from the surrounding sediments by compaction. Any activity along the 
border fault, increasing the dip of the strata. could set in motion the gliding 
of the accumulated mass. and before a new slip plane could be formed a new 
thick series of sediments had to accumulate in order to establish anew a labile 
state. The sandstone dikes are formed in general from a normal sandstone, but 
some contain a mixture of shale and limestone fragments. Some of the breccia 
beds have a peculiar composition described as “clay pebble bed.” which con- 
sists of highly polished pebbles of all kinds of rocks in a gritty clay matrix 
that looks like the deposit of a turbulent flow, combined with slumping. 

Collapse structures in Persia.—A very interesting phenomenon in which 
gravity certainly played a prominent role has been described by Harrison 
and Falcon (1934, 1936). 

In the mountainous part of Iran, bordering the Euphrates-Tigris valley. 
the structure of the folded strata is extremely well exposed because of the arid 
climate. The stratigraphic series consists of three thick limestone units, each 
1000 to 3000 feet in thickness—the highest being the Asmari limestone, famous 
for its oil-bearing capacity—separated by marls 1000 to 2000 feet thick and 
overlain by 10,000 feet of anhydrite-shale and sandstone, called the Fars 
series. The incompetent marl series between the limestones have given rise, 
as is normal, to disharmonic folding. but some of the sections show un- 
doubted gliding phenomena. 
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Harrison distinguishes several types of structures (fig. 5): (a) slip-sheet 


structure, (b) cascade jolds, where the limestone has crumpled up, as it glided 


downwards, (c) flap-structure, undoubtedly the most curious structural feature 
of the region, where a limestone wall has bent over gradually until a reversed 
position has been attained. 


heet 


Examples of collapse structures in Persia. After Harrison. 


All these features are explained by Harrison as purely gravitational 
structures. due to deep erosion in the soft synclinal material of the Fars series 
and gradual collapse of the vertical limestone flank. which either broke off 
and glided down the slope in a normal position, or crumpled into cascade 
folds, or bent over into a recumbent fold. 

1 am far from convinced that all these structural phenomena ought to 
be explained by such relatively recent collapse of steep flanks into eroded 
valleys. The slabs of the normal roofs of the anticline that have glided down 
in the synecline are doubtless due to gliding only, and some of the cascades 
probably are also due to these gravitational mechanics, but the most striking 
“flap” structures can be explained as well by a rather extreme form of dis- 
harmonic folding. We know that the folds in the Fars series. the upper in- 
competent anhydrite. ¢vpsiferous marls, and sandstone overlying the Asmari 
limestone, are always perfectly independent of the underlying competent 
limestone in the oil-bearing anticlines of Iran. where no altitude differences 
are involved. | rather think that most of these structures. which have a dis- 
tinctly disharmonic character because of the alternation of thick competent 
and incompetent beds. had already originated in the folding stage and were 
accentuated later on by gravitational collapse. The overturn is then due mostly 
to lack of space in the syncline, and it developed because the thick Fars series 
behaved purely passively and was not a factor in determining the amplitude 
of the fold at the beginning of folding. 

Dijebel Friktia, Algeria —A very instructive example of gliding tectonics 
has been given by van der Fliert (1953). in describing an anticline and 
syncline in eastern Algeria. The region consists of two anticlinal ridges 
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composed of Lower and Middle Cretaceous limestones, and between them a 
synclinal region, filled up with Senonian and Eocene marls and shales. The 
anticlinal ridges received much thinner Upper Cretaceous sediments than the 
syncline, thus the sedimentation took place while the basin was sinking much 
faster than its stable borders. In the whole of eastern Algeria the very plastic 
Triassic shales and evaporites have acted diapirically, and apparently in the 
final post-Eocene phases of compression the Triassic was pressed out in the 
core of the anticline, and the thick Senonian blanket on its flank started gliding 
down along a slope of 3° to 5°. The top arch of the anticline, loosened from 
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Fig. 6. Cross-section through Djebel Friktia and the Chettaabas syneline in Algeria, 
showing combination of diapiric and gliding structures. After van der Fliert, 1953, 


the flanks by the diapir structure. took part in this gliding action, and the 
gliding plane became lubricated by Triassic shales. The result (fig. 6) is a 
rather astounding structure in which Triassic shales cover portions of the 
Eocene in the syncline while klippen of Upper Cretaceous rocks and locally 
even wedges of Lower Cretaceous limestone float on them, and the steep south 
flank of the anticline shows considerable tectonic thickening. It is quite pos- 
sible that the pressing out of the Triassic from the syncline to the anticline 
had already started during the accumulation of thick Upper Cretaceous and 
Eocene sediments in the synclinal basin, before the folding created the truly 
diapiric structure of the anticline. 

Bergamasc and Luganese Alps.—Gliding tectonics can frequently be 
found on the marginal slopes of the great Tertiary mountain chains. We often 
find there that the upper surface of the basement is lowered from its lofty 
position in the axial zone to its deeply buried position in the marginal trough 
by a series of steps separated by steep zones or faults (de Sitter, 1949). The 
difference of altitude between two steps commonly gives rise to a gravitational 
eliding of the sedimentary cover along an appropriate horizon on top of the 
stationary series of the same age belonging to a lower step. Numerous ex- 
amples of these structures can be quoted from sections in the southern border 
of the Alps. of which we reproduce two in figure 7. 

In the section east of Lake Lugano we see a whole mass of Triassic and 
Liassic limestones gliding down a slope and butting against a solid mass of 


NW 


“VY :sdjy ey) jo adoys ayy uO seddeu Fuipys Furmoys suotoos OM], 


UBIUAY 


sofy asewbsog 


wh) fF) 


~ 
~ 
~ 
~ 
= 
~ 
= 
~ 
~ 
= 
~ 
~ 
~ 
— 
~ 
~ 
~ 


. de Sitter 


0S0J2UZD | 
ouebn jo aye} 


jo 7 


330 
We | 
| \ kA \ \ \ = | 
W1/ > 1 2] 
> 
> A\ i= 
\ 

4 r\\ \ / 

A\ > 7 / ° 
/ A\\ \ > / ° 
/ {nt \ 4 Je 
4 hy = \ 
\ S ¢€ po \\ 

S == 8 
GS ® % 
= 
\ 
= 
Ur 


An Essay in Comparative Structural Geology 331 


Miocene Molasse. The cascade folds in front of the gliding mass are typical 
and illustrate the movement very clearly. The amount of gliding is relatively 
small, and gliding was probably set in motion by the steep synclinal folding 
in the Mt. Boglia-Mt. Bre region, which caused a horizontal push in the upper 
strata. 

The Bergamasc section shows how the Triassic limestones. detached along 
the gypsiferous dolomites of the Lower Triassic, glided down from a higher 
step onto a lower one in front. In the frontal portion of the Camino thrust we 
find exposed the transition zone from a calcareous facies of the Middle Tri- 
assic to a marl facies. Evidently the motion again originated in a fold cut by 
a thrust, located on the wedging edge of this limestone; the thrust plane cut 
through the Lower Triassic limestones to the incompetent gypsiferous layer. 
Once started, the structure glided down on the lower step. There can be little 
doubt that the general compression, which caused steep thrusts in the northern 
and highest region, and the doming of the basement in the central step 
were contributing factors as well as the vertical upwarping of the successive 
steps, which originated the height differences and the resulting slopes. 

Southern border of the Pyrenees.—The southern border of the Pyrenees 
offers many similar gliding nappes, mostly of small dimensions. The best 
known one is doubtless the cascade folds of Mt. Perdu (Mengaud, 1939) 
(fig. 8). The sedimentary cover of the Paleozoic basement consists here of 
Senonian and Eocene. In this section we find first of all a subhorizontal thrust 
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Fig. 8. Combination of thrust and cascade fold on southern slope of Pyrenees. From 
Mengaud, 1939. 
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of the basement rock from north to south due to lateral thrust. Below the 
thrust mass a thin band of Upper Cretaceous has been preserved. The thrust- 
ing movement piled up the upper Senonian and Eocene blanket rocks in front 
of the nose of the basement thrust. and they started to glide down, forming 
a cascade of folds. the lowermost one being a large recumbent fold exposed 
in the Ordesa River, The lateral thrust and the gravitational gliding both 
operated at the same time. the first causing the second. 

A recumbent fold with a complete reversed flank. as encountered in this 
section. can be considered typical for gliding tectonics under circumstances in 
which a considerable difference in altitude between the two blocks is most 
important. A reversed flank which has not been drawn out to the extreme or 


N 
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simply replaced by a thrust fault, or a combination of these two phenomena, 
is impossible in an ordinary overthrust anticline, because the result of lateral 
thrust is to produce a considerable shortening without accumulating too much 
mass in a vertical direction, gravily preventing a trebling of the load. When 
on the other hand the sedimentary rock series is gliding down a slope, the 
result is to fill up a marginal trough with rock masses from a higher altitude; 
thus gravity is not opposed to a multiplication of the original thickness of the 
sedimentary strata—on the contrary, gravity will favor it (fig. 18). Hence 
when the strata are sufliciently plastic, they may form a cascade of folds in 
which the larger ones are recumbent folds whose reversed flanks are not 
attenuated. The recumbent fold of the Grand Morgon (fig. 9). mapped by 
Schneegans (1938) is a good example of this kind of structure. In that region 
we find two incompetent layers along which the higher beds have been de- 
tached, the Triassic at the bottom of the section and the Callovian-Oxfordian 
shales in the middle. In the Grand Morgon area both have been active. 


The recumbent fold of the Grand Morgon 
from D.Schneegans 


Batn- Oxford black schists 


Fig. 9. Inverted middle limb of recumbent syncline due to gliding, preserved in 
gliding nappe of Ubaye-Embrunais, French Alps. From Schneegans, 1938. 
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Set of triplets of small gliding nappes of Mt. Gillera, southern slope of 
Pyrenees: plan, stratigraphic section, and tectonic section. After Ashauer, 1934. 
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All along the southern border of the Pyrenees we find gliding structures 
which have been mapped, however, without a view to gliding tectonics (Jacob 
and others, 1927; Jacob, 1930; Ashauer, 1934; Misch, 1934; Selzer, 1934), 
and therefore are sometimes diflicult to represent in a section. From Mt, Perdu 
in the west to the “nappes” of Mt. Grillera in the east, we find these isolated 
klippen of older formations on the lower Eocene, sometimes doubled, always 
underlain by a thin slice of Triassic. In Mt. Grillera (fig. 10) we even have 
three superposed slices. and in the Montsech we find a slice of Paleozoic 
rocks on the Triassic. 

All those gravitational gliding structures reflect two circumstances, to 
wit, the presence of an extremely incompetent layer at the base of the Mesozoic 
mantle—the argillaceous Keuper--and very pronounced post-folding uplift 
along a narrow zone causing a rather steep slope, locally accompanied by 
thrusting as in Mt. Perdu. 

Helvetian nappes of the Alps.—The Helvetian nappes are without doubt 
the largest coherent gliding masses which have been described as such, In 
order to understand their mechanism | should like to recall the series of 
overthrusts exposed in the Charleroi coal basin of the Ardennes, of which 
Kaisin (1936) has given a section (fig. 11). 

In this section one sees two major anticlines, both of which show an over- 
thrust towards the north, Their shape is classical for this type of thrusted 
folds. The thrust planes are more steeply inclined at the front and flatten out 
towards the rear. The thrust planes probably do not disappear downward at 
the same level, that of fold 2 is supposed to stay above the Viseen limestone, 


those of folds 1 and 3 to cut through this competent layer and join the basal 
shearing plane below it, like the flat thrusts which may be observed in the 
northern part of the section (4 and 5). 


Obviously gravity has not played a prominent role in these structures 
as all the thrusting has been upwards. But we may imagine that subsequent to 
this folding the rear could have been lifted up to a certain degree, tilting the 
thrust planes to a horizontal position and even further to a northward slope. 
If such vertical movement had been accompanied by a further slight contrac- 
tion, the same thrusts would have been reactivated, and in all probability one 
sheared-off thrust mass after the other would have glided downwards along 
the slope of their pre-existing thrust planes. Three nappes would result, piled 
one on the other in the marginal trough farther north which would have 
originated during the uplift of the central part of the folded basin. As our 
imagined uplift started somewhere to the rear of the thrust masses it is evident 
that the southernmost thrust anticline would have started gliding first and 
successively the other ones would have followed suit as the uplift moved for- 
ward, The frontal ones might thus have carried the rear ones forward on their 
backs. 

If we turn now to the Helvetian nappes (Oberholzer, 1933; de Sitter, 
1939) and first consider their respective position in the still undisturbed posi- 
tion before folding. we find that each of the three principal units, the Upper. 
Middle. and Lower Helvetian nappes is characterized by its own stratigraphical 
sequence (fig. 12). The Upper nappes show a Cretaceous sequence with a 
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Fig. 11. Section through Charleroi coal basin, Belgium, showing a series of over- 
thrusts against the high-standing Brabant massif to the north. After Kaisin, 1936, 


thick competent limestone wedging out towards its front, the Middle nappes 


are characterized by a Liassic limestone also wedging out in the same direc- 
tion, and finally the Lower nappes consist primarily of Permo-Triassic and 
are located on wedges of Malm limestone and Verrucano (Permian). The rear 
of the thrust planes are located respectively in the incompetent Valenginian, 
Upper Triassic, and basal Permian, the fronts are located on the wedges of 
competent strata. Each thrust plane forced the next one in front of it down, 
with the result that in the rear all thrust planes converged on the same basal 
shearing plane below the Permian and above the crystalline basement. Where- 
ever a rearward thrust plane cuts obliquely downwards to the same shearing 
plane as that of the next thrust plane in front, it first forces the frontal one 
down to another, lower gliding plane which, however, soon became inactive 
because it had been cut off from its own rear. 

This phenomenon is particularly well demonstrated by the Cumberland 
overthrust in the southern Appalachians (fig. 13); there the Pine Mountain 
overthrust first follows the Devonian and Mississippian shale but is forced 
down below the Maynardville limestone by the Wallen valley fault (Miller 
and Fuller, 1947). 

Strong compression narrowed the Helvetian basin between the Aar and 
Gotthard massifs, and the thrust anticlines were piled one above the other 
against the south flank of the Aar massif. Subsequent uplift in the rear started 
them gliding down the northern slope of the Aar massif, accompanied by 
more chaotic gliding and shearing of the sedimentary cover of this massif 
(fig. 1). 

We are obviously not able to trace the events in detail but can only 
point out some general features of the mechanism, in which gliding down 
is probably continuously or rhythmically accompanied by compression, 

Where the trough into which the nappes came tumbling down was par- 
ticularly deep, the frontal noses were partly overturned, as in the section along 
the Axen road on the Lake of Luzern (fig. 14). Where thick masses of con- 
glomerates had accumulated already in the Molasse trough, the frontal lobes 
were arrested sooner than where the syntectonic sediment was less coarse 
and less massive. 

It is impossible to evaluate the amount of erosion that preceded the 
gliding mechanism, but I do not think that erosion ever was an important 
factor because the nappes themselves were never carried away by denundation 
while at the top of the slope nor was the autochthonous cover on the northern 
flank of the Aar massif. and the trough was a place of sedimentation and not 
of denundation. 
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Montagne Noire.—An instructive case for which gliding tectonics has 
been proposed is represented by the southern Paleozoic zone of the Montagne 
Noire, of which the general geology is described by Géze (1949) and the 
gliding tectonics by Triimpy and de Sitter (Géze, de Sitter, and Triimpy. 
1952). The Paleozoic block of the Montagne Noire in southern France is 
the southwestern prolongation of the Massif Central and is separated only by 
the small gap of the Corbiéres from the massif de Mouthoumet, which is con- 
sidered a part of the Pyrenees. 


Fig. 14. The piling up of the Upper and Middle Helvetian sheets in the marginal 
trough of the Alps, north of the Aar massif. After Buxtorf and Arbenz, in A. Heim, 
1921 (profile 4, table 19, p. 31). 


The Montagne Noire consists of a central massif of gneiss and granite 


surrounded on all sides by Paleozoic sediments ranging from Lower Cambrian 
to Lower Carboniferous (fig. 15). To the north and southeast the Cambrian 
and Ordovician, with occasionally some Silurian, is thrust in an imbricated 
structure against the ancient massif. but to the south of the central massif we 
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Fig. 15. Tectonic sketch map of Montagne Noire, southern France. Modified after 
Géze to show interpretation of de Sitter and Triimpy. 
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find a series of folds which are all, except in the west, characterized by the 
curious fact that the whole sequence is reversed. In the core of synclines we 
find the Lower Cambrian and the flanks contain Ordovician and further to 
the east the Devonian covers the Visean schists. The whole zone is some 20 
km wide and thrice as long. 

The stratigraphic sequence consists of two competent zones, viz. the 
Devonian limestones and dolomites. and the Lower and Middle Cambrian 
limestones and sandstones, separated. covered, and underlain by incompetent 
zones of great thickness. viz: the Visean shales above. the Ordovician slates 
and schists in between. and the Lower Cambrian and Precambrian schists 
below. All formations are well dated by a classical fauna. 

Whatever the course of events has been. it is obvious that in order to 
overturn completely a thick series of sediments a considerable trough must 
have been formed south of the central mass before and during the folding 


process, which was subsequently filled by the overturned folds. of which we 


now see only the reversed flank. 

As explained below. the development of a reversed flank is already 
strong evidence for gravity tectonics. and since we see exposed here the in- 
clined gliding surface. | have littke doubt that the reversed synclines and 
anticlines of the southern border of the Montagne Noire are indeed due to 
a southward gliding of the sedimentary blanket down the south flank of the 
central massif. To be sure. Géze originally thought and <tll thinks that the 
folds have a southern origin: his view and the alternative here presented are 
contrasted in a joint paper by Géze. de Sitter, and Triimpy (1952). 

The southern border consists of three units. The western one. the Miner- 
vois, consists of normal steeply folded anticlines pressed against the buttress 
of the central massif; the central one. the Pardailhan nappe. is formed by 
three longitudinal reversed Cambrian synelines floating in a mass of Ordovi- 
cian schists, and the eastern one has an autochthonous anticlinal core of 
Devonian. the Montredon anticline, covered by an arch of Visean shales 
overlain by Devonian and Ordovician, together called the Mt. Peyroux nappe. 
There is a strong westward plunge so that the Pardailhan nappe covers the 
Mt. Peyroux nappe. the two being separated by a narrow squeezed-out band 
of Devonian limestone in Ordovician schists. 

Evidently the two nappes. which are formed of totally different series of 
sediments. represent two portions of the same blanket. sheared off in turn 
from the crest of the central massif. The upper part of the blanket. consisting 
of Visean and Devonian with a basal shearing plane in the incompetent Ordo- 
vician. forms the Mt. Peyroux nappe. and it is covered by the Cambrian core 
of what was originally the same blanket. now forming the Pardailhan nappe. 
Most probably the shearing-off started as a series of thrust faults on top of 
the still submerged central mass, identical with the structures still preserved 
north and east of the central mass. The basal shearing plane of the upper 
nappe cut obliquely through the Devonian with the result that the frontal lobe 
of the lower nappe still retained a broad wedge of this limestone on top, which 
now still forms the base of the Pardailhan nappe. 
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The three Cambrian synclines of the Pardailhan nappe were originally 
three fronts of thrust-faulted anticlines which slid down one after the other, 
the originally southernmost one first. being nearest to the edge of the central 
mass. The frontal nose of the last one is still preserved, and the innermost 
contact of the whole nappe against the central mass shows all the characteristics 
of a squeezed-out, stretched, and broken middle limb. 

The disharmony between the Devonian-Visean cover and the Cambrian 
core is emphasized by the fact that the former is now found as one undivided 
inverted sheet whereas the latter is formed by three separate synclinal folds. It 
seems probable that this disharmony had already originated in the early 
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Fig. 16. Development of Montagne Noire gliding nappes according to de Sitter and 
Trimpy. The three superposed units, Pardailhan nappe, Mt. Peyroux nappe, and autoch- 
thonous Minervois folds, are in reality nowhere present in one section. Hence this section 
represents a combination of sections along the two lines indicated on figure 15. 
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phase of folding and thrusting. the Cambrian beds in three separate thrust 
anticlines penetrating into the Ordovician slates and schists whereas the 
Devonian limestone with Visean shales on top sheared off in a single large 
blanket along the top of the Ordovician (fig. 16). This kind of structure was 
called an intercutaneous thrust by Fallot (1949). 

When the whole structure started gliding down along the newly formed 
south-facing slope. a large slab of Devonian limestones came into a vertical 
position, measuring from top to bottom the total height difference between 
trough and horst. It rested with its back against a Visean syncline and was 
pushed down and outwards by the advancing Cambrian structures embedded 
in the Ordovician schists. In this way the mechanism of the nappes can be 
imagined without having to postulate an unrolling of the Devonian limestone, 
the width of the Mt. Peyroux being about equal to the total subsidence of 
the marginal trough. 

The whole structure resembles very much the plunging fronts of the 
Axen and Santis-Drusberg nappes on the Luzern Lake (fig. 14). 

Vorthern Apennines.—The most grandiose example of gliding tectonics 
that has ever been imagined is that of the northern Apennines. The geology 
is extremely difficult to unravel because of the lack of distinctive formations 
with distinctive fossils. but the effort of three Italian geologists. Trevisan from 
Pisa. Merla and Migliorini from Florence (Trevisan. 1950; Merla, 1951), 
have finally resulted in a comprehensible general picture. in which gliding 
tectonics and vertical movements play a dominant role. Long before these 
geologists formulated their point of view it was known (Steinmann, 1907) 


that great portions of both the calcareous core of the northern Apennines, 
the Apuane Alps. and its extensive northern flank, the northern Apennines s. 
str.. were overthrusted in an abnormal position. The lubricating formation is 


the Argille scagliose. or scaly shale, a chaotic shale-marl formation charac- 
terized by chunks of greenstones (ophiolites). red radiolarites. jaspers (dias- 
piri). and limestones. The cover consists of a series of beautifully graded 
sandstones. the Macigno, and a marl-sandstone sequence, which floats in large 
masses on the Argille scagliose, As the Macigno-Argille scagliose sequence 
occurs both west and east of the Apuane Alps, whereas this core itself is free 
of any ophiolitic intrusion, it has been suggested both by the older school of 
lateral thrusting and by the modern school of gliding tectonics that the origin 
of the Argille scagliose sedimentary basin must be sought in the Tyrrhenean 
Sea between Corsica and Elba. The major objection to a lateral thrust mass 
of 200 km width is its extreme thinness and its general incompetent character 
which by no stretch of imagination can be thought able to transmit the stress 
needed to transport the whole as one coherent mass. The new point of view 
therefore supposes that the original deep sea basin in which the Argille scag- 
liose accumulated was situated between the islands of Elba and Corsica, and 
that the shale was pressed out by an east-west lateral thrust. flowing over its 
borderland far to the east. Afterwards a first zone of upwarping on the eastern 
border of the original basin. now covered by a thick mass of the Argille scag- 
liose that had been pressed out, made it slide down farther towards the east. 
This mechanism of upheaval of longitudinal anticlinal ridges was repeated five 
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times, each successive ridge being situated farther to the east. Each time the 
plastic mass of Argille scagliose glided down the eastern flank of the new 
ridge and was thus displaced further eastwards. During its repeated move- 
ments, its original content of clay, ophiolites, and radiolarites became diluted 
with strange elements of much younger date, of which the more coherent 
portions moved as great slabs and the softer formations like shales and marls 
simply became mixed up with the original shale content. In this way the rela- 
tive decrease of the ophiolite content of the Argille scagliose in an eastern 
direction finds a ready explanation. 

Several objections against this rather sweeping theory of gliding can be 
made. First of all, if one abandons the theory of lateral thrust over 200 km 
and accepts gliding to explain the superposition of the Argille scagliose on 


younger strata, it sems illogical still to postulate such enormous transportation. 
Second, the whole mechanism of the 200 km transportation would break down 
if one of the ridges rose before its turn, thus stopping all further eastward 
transport. Third. the ridges are very different in tectonical style. The first 
ridge on Western Elba is a Miocene granite intrusion, the second ridge is 


represented by the insufliciently exposed synclinal structure of Spezia con- 
taining Triassic and Liassic, the third ridge is the large arch of the Apuane 
Alps in which a thrust sheet of non-metamorphic limestones of considerable 
size overlies highly metamorphic marbles of the same age (Lower Mesozoic) 
(fig. 17). the fourth and fifth ridges consist of more or less simply compressed 
domes in Oligocene strata, locally with Liassic cores, much broken by steep 
thrusts of the kind called “composite wedges” by Migliorini (1948), Per- 
sonally | think that the Italian investigators have underrated to some extent 
the intrusive capacity of such an incompetent formation as the Argille scagliose 
under lateral compression, producing simple diapiric action. Much of the 
abnormal position of this formation must certainly be due to gliding down 
appropriate slopes. but much may be due also to lateral compression, squeezing 
out. and diapiric intrusions. This implies of course that originally more than 
one deep sea basin with ophiolite intrusions existed. most probably both east 
and west of the central core. the Apuane Alps. the latter being free from these 
ophiolitic intrusions. The intensive mixing of younger and older strata, the 
sliding down of great slabs. the inverted position of some of these slabs and 
their frontal noses (which can be ascertained most convincingly by the graded 
facies of the Macigno sandstones) are facts which very strongly suggest gliding 
as the origin of many of the structures: on the other hand, the steep thrusts 
bounding the ridges suggest strong lateral compression through the whole 
width of the northern Apennines. The combination of the two structural 
theories evidently leads to the conception that the gliding followed the com- 
pression and is due to the upheaval of the longitudinal ridges. 


CHARACTERISTICS OF GLIDING STRUCTURES 
The main question that arises from our survey of gliding structures is: 
How can one distinguish between a lateral low-angle thrust and a gliding 
nappe? As always in geology the answer cannot be conclusive. There is no 
structural feature that can be decisive in either direction, but the evidence 
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must necessarily be of a circumstantial nature. To my mind the most im- 
portant evidence consists of: 

1. An appropriate slope must be recognizable in the field to account for 
any gliding. One may of course reason, in case such a slope is absent. that the 
original slope has been destroyed since the gliding by the sinking of its highest 
portion, and if such oscillation can be proved by independent evidence. the 
reasoning may be sound, but in general it can hardly be accepted. For in- 
stance. a gravitational gliding of the Jura Mountains towards the north against 
its present slope seems highly improbable. Marginal troughs of orogenic belts 
seem to be the most favorable recipients of gliding nappes. 

2. A downward plunge of the basal thrust plane at the rear of the thrust 
sheet can be regarded as conclusive evidence of its thrust nature, The upward 
curve one would expect in a gliding nappe will seldom be conserved except 
in small-scale gliding like that of the voleanic mantles described in the fore- 
going pages. As many gliding structures originated as thrust sheets. a down- 
ward curve may be present at the rear even in the case of gliding. but then it 
can no longer be directly connected with the frontal lobes. 

3. An inverted position of a large mass. in particular when it is not 
laminated or squeezed or otherwise tectonically reduced in thickness, is strong 
evidence of the gliding nature of the transport mechanism (fig. 18), A real 
thrust sheet has no inverted flank: it is the result of maximum lateral shorten- 
ing with a minimum of piling up of strata. a compromise between the lateral 
stress and gravity. Whereas gravity prevents the development of an inverted 
flank in the case of the thrust sheet. it favors its formation in the case of a 
gliding nappe because in the latter case the ultimate aim of gliding is the filling 


up of a pre-existing trough. See figures 1. 5, 6. 7. 6. 9. 14 and 16 as compared 


with figures 11. 12. 15. 

lL. In general. a chaotic or even a geometrically obscure structure may be 
an indication of gliding because each portion of the gliding nappe may move 
independently of the other, each being under the same gravitational stress as 
the other. On the other hand, in a thrust sheet the stress must necessarily be 
conveyed from one end of the sheet to the other by a coherent and competent 
mass, and any failure would result in the standstill of the portion beyond the 
failure. Therefore isolated slabs. often anticlinal or synelinal in shape. of 
competent rocks in an incompetent matrix are valuable indications for later 
eliding following on former lateral-thrust folding. 

5. In the smaller-scale gliding structures the lateral extension of the 
structure is ordinarily small and has no connection with its surrounding. 
whereas in lateral-thrust structures the opposite is true, This is so because 
the gliding may be due to the hazards of erosion in the lower reaches of the 
slope or to other irregularities. whereas the thrust structures can only move 
when a large portion of the crust is in a stressed condition. 

From the general outlook on gravitational eliding tectonics we have now 
gained, there is one fact that emerges clearly. to wit. the close relation between 
gliding tectonics on a larger scale and lateral compression. In all instances 
which we quoted, the southern Pyrenees and the southern Alps. the Montagne 
Noire, the Appenines. and the Helvetian nappes. we found that the structures 
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started as thrust sheets, that the upheaval that caused the slope was probably 
due to compression, and that the gliding tectonics are only an accompanying 


feature. The cascade fold of the Mt. Perdu is the direct result of a deeper- 
seated thrust revealed in the same section. The original thrusts on top of 
the central massif of the Montagne Noire are still preserved on its eastward- 
plunging nose, and the nappes of the southern Alps override thrust structures 
abutting against the very thrust faults which limit the upthrusted block from 
which the nappes glided down. The roots of the Helvetian nappes compressed 
between the Aar and Gotthard massifs are as real as the piling up of their 
frontal noses in the marginal trough, and finally the ridges between the troughs 
filled with Argille scagliose and Macigno slabs are surely compressional 
features. 

Hence there can be no doubt that the lateral compression is primary, 
the gliding secondary. This evidence suggests strongly that the vertical move- 
ments which give rise to the slope are also due to lateral stress. This close 
relation between gravitational gliding and tangential compression explains 
also why there is no clear-cut limit between the two phenomena. In all the 
larger structures which we described it is very much a question of taste how 
much one believes should be accounted for by thrusting and how much by 
gliding. We find this transition not only between thrusting and gliding but 
also between slumping and gliding. The slip planes in the non-folded sediments 
of the Peru oilfield show many characteristics of slumping. and their origin 
is due to the same kind of circumstances as slumping, viz. a soft formation 
saturated with water. The difference is not only a question of size and sta 
of consolidation but also of origin of the slope. In slumping no earth move- 
ments of structural character are supposed to have created the slope, whereas 
the blocks in the marginal trough of the Andes in Peru are believed to have 
been tilted by movements along longitudinal faults. 

In the case of gliding in a volcanic mantle there is no longer even any 
real difference in origin from slumping. for both are due to accumulation of 
sedimentary materials: their distinguishing feature is only that in one case 
the process took place under water and in the other not. 

Gravity is certainly not a force that plays a role in tectonics only oc- 
casionally: it is always present and always influences any structural shape, 
whether we think of folds. faults. or gliding. 

The extent to which the conception of gliding tectonics changes our 
views on the structural characteristics of mountain chains is rather important 
in one aspect. Formerly any klippe meant to us that large-scale horizontal 
thrusting had occurred and therefore that the particular mountain chain had 
been submitted to important lateral compression. Such a conclusion is no 
longer warranted, The supposition that the Helvetian nappes and the Klippe 
nappes have gained their present position by gliding certainly means a con- 
siderable reduction of the formerly supposed total lateral shortening of the 
cross-section of the Alps. The same is true for the Argille scagliose gliding 
nappes of the Appennines and for many other less well-known structures. A 
klippe is no longer a proof of strong compression. 


L. U. de Sitter 
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PRESENT STATUS OF THE LEAD METHOD OF 
AGE DETERMINATION* 
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ABSTRACT. The available results on the age of radioactive minerals as determined 
by the various isotopic ratios Ph207/U 288, Ph207 Ph 207 /Pp206, Ppj206 
Pb2!9 and Pbh20S/Th282 are summarized. The probable sources of error are radon leakage, 
leaching and alteration, uncertainty in the isotopic composition of any common lead, 
chemical analysis, and instrumental techniques. With suflicient isotopic analyses on the 
common lead of an area, it is usually possible to make a precise correction for the 
common lead contribution to the isotopic composition of a radioactive mineral. Radon 
leakage can be measured under laboratory conditions and extrapolated to the integrated 
thermal history of the mineral. Chemical and instrumental errors are generally of second- 
order importance. The occurrence of leaching and alteration can be estimated from the 
comparison of the lead-lead with the lead-uranium ages. In the most ideal conditions, 
the uncertainty in the half-life of U2"9 may be significant error. 

It is concluded that the 207/235 and 206/210) ages are the most reliable over the 
greater range of gelogic time. The 206238 age is generally correct to 5-10 percent and 
supersedes the 207/235 age in accuracy for young minerals. The Pb20%/Th?82 age is 
considered usable for minerals high in thorium content. The 207/206 age is the least 
reliable of all. 

Nomographs are presented which simplify the calculation of the age of a mineral 
from the isotopic ratio. 


INTRODUCTION 
The absolute time scale of geologic history is based primarily on the 
lead method of age determination. Although the results from this method 
appear to be supported by a few quantitative rubidium ages on the older 
rocks and by various semi-quantitative helium ages. nevertheless it is virtually 
on the lead method alone that absolute time is obtained for 99.9 percent of 


Earth history. The method includes several independent ways of measuring 


the time based on the decay of the two isotopes of uranium, U*"* and U***, and 
the isotope of thorium. Th°*. into the stable lead isotopes Pb°"*, Pb**’ and 
Pb*"> respectively. In addition, by a judicious selection of intermediate mem- 
bers in the decay series from uranium or thorium to lead, it is possible to 
obtain internal checks to prove the absence of contamination, leaching. or 
leakage phenomena, These secondary age measurements may be thought of 
as cameras which are continuously recording the behavior of one of the three 
primary clocks. 

Despite ihe fact that the lead method is the primary basis for geologic 
lime. there are only a few localities which can be considered to be dated with 
precision, Until the classic work of Nier (1939; et al.. 1941), the age deter- 
minations were all made by the so-called “crude” uranium-lead method which 
consisted simply of obtaining the ratio of total lead to uranium plus thorium 
in the mineral. This simple chemical ratio, if properly weighted for the relative 
activities of the uranium and thorium series, will give reliable ages only if 
(1) no common lead was present initially in the mineral, (2) there has been 
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no leaching of uranium or thorium in the history of the mineral, and (3) 
there has been inappreciable radon loss. Since the chemical data provide no 
quantitative criteria for any of these three factors, any “crude” age is highly 
suspect. The third factor can be evaluated by direct measurement and the 
second factor can be avoided if specimens from deep mines are available, but 
the presence of common lead always remains an imposing uncertainty. From 
geochemical considerations uraninite from pegmatite should have a very low 
common lead content, but even this criterion is not adequate to provide cer- 
tainty in the crude age determination. Therefore, although several hundred 
uranium-lead measurements were reported in the Age of the Earth volume of 
the National Research Council (1931) and in subsequent reports of the Com- 
mittee on Geologic Time, it was not until the isotopic study of 29 samples by 
Nier in 1939 that the modern quantitative era of the lead method began. In 
the last few years there has been considerable activity in research on this 
method but to the present time only a few additional complete isotopic analy- 
ses have been made (Kerr and Kulp, 1952; National Research Council, 1949; 
Stieff et al.. 1953). 

Collins et al. (1952) have made isotopic analyses on a number of radio- 
genic leads from the Canadian Shield area but did not have chemical data on 
the specimens, so that only 207 206 ages were calculated. About two dozen 
complete isotopic and chemical analyses have been made at this laboratory 
in recent months. The results are being published elsewhere (Kulp, Bate, 
Eckelmann, and Giletti, 1954). 

The main purpose of this paper is to summarize the past data, to examine 
the sources of error, and to predict for the student of Earth science just what 
may be expected of the lead method. 


1* 


The Uranium (U?**) Series 


Particle 
Particle Energy Reference 


Isotope Emitted (Mev.) Half-Life for Half-Life 


gel238 (UD) a 1.18 4.49+.01 x 10° Years 
B 24.101 + .025 Days 
(UXe) 2 32.1.50 1.175 + .003 Min. 
60 
gel 234 (UTD) 1.763 2.475 + .016x10% Years 
vo Th28° (Lo) 1.68,4.61 8.0+.3 x 10+ Years 
(Ra) 1622 +1 Years 
ss (Rn) 5. 3.825 + .005 Days 
s4Po7!8 (RaA) 5.998 3.050 + .009 Min. 
(RaB) 6: 26.8+.1 Min. 
si Th?!9 (RaC’’ Min. 
(RaD) 22.5+.4 Years 
Bi2!9 (RaE) 4.989 + .013 Days 
s4Po7!9 (RaF) 2.2 138.374 + .032 Days 
sePb296 (RaG) Stable 
*The data for tables 1, 2 and 3 were compiled by Mr. D. G. Robinson. 
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(3) 
(4) 
(5) 
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Isotope 
gol 235 (AcU) 
op Th231 (Uy) 


otPaz3! (Pad 

so Ae227 (Ac) 

vo (RdAe) 
( AcX) 
(An) 
(AeA) 
sePb2!! (AcB) 


TABLE 
The Actinium (U*"°) Series 


») 


Part icle 
Energy 
( Mev.) 


Particle 
Emitted 


1.40.4.58. 
$.20,4.47, 


094.302 
216 


7.37 
1.39,.50 
6.62 


Half-Life 
7.13 +.16 x 10% 
25.6+.1 


3.43 + .03 x 104 
18.6+.1 
3.917= O15 
1.83 + .04x10-% 
3.1 2 


Reference 
For half-Life 


Years (1) 
Hours 


Years 
Years 
Hours 
Days 
Sec, 
Sec. 


Min. 


(AeC) ?.16+.03 
(AcC’) 7.43 02+ .02 
T1297 (AcC'’) 41.79 + 02 
voPh297 (Pb) Stable 


Min. 
Sec, 


Min. 
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(1) 
y (2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
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a 5.00 : 
a 6.00 
a 2.410 
a 6.82 
(8) 
(8) 
B | (9) 
(10) 
(11) 
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TABLE 3 
The Thorium Series 


Particle 
Particle Energy Reference 
Emitted ( Mev.) Half-Life for Half-Life 


> (Th) a 3.98 1.39 + 02 x 101 Years (1) 
(MsTh1) B O12 6.7+.1 Years (2) 
(MsThy) 3 6.13 + .03 Hours (3) 
(RdTh) 5.4: 1.90 +.01 Years (4) 
(ThX) 5. 3.64+.01 Days (5) 
(Tn) 2 54.53 + .04 Sec. (6) 

(ThA) 7 158 + .008 Sec. (7) 
sePb2!2 (ThB) 35! 10.67 + .05 Hours (8) 


9 91 60.48 + .04 Min. 


(ThC’) 29+ 01 Microsec. 
T1298 (ThC’’) $323) Min. 


soPb295 (ThD) Stable 
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PRINCIPLES* 

There are three ways that radiogenic lead may be formed: U*** — Pb**", 
and Th’? — The intermediate products and their respec- 
tive half-lives are given in tables 1, 2 and 3. In less than a million years after 
the deposition of a radioactive mineral the three decay series are essentially 
in equilibrium, and the amount of lead found bears a simple relationship to 
the age of the mineral. The age is then determined by the ratio of the stable 
end product lead to any one of the members of the series which is in secular 
equilibrium, Thus the age may be determined equally well in principle by the 
ratios /Ra®*", or Since chemical changes (such 
as leaching in the late history of a mineral) will affect these ratios in differing 
degrees, the measurement of several ratios permits quantitative evaluation of 
the factors which produce erroneous ages. In addition to the ratios of a single 
series, it is also possible to make use of the ratio Pb*’*/Pb*°" since the ratio 
of U2"/U*** is geographically constant but the half-lives differ. These clocks 
involve different chemical characteristics. half-lives and concentrations. so 
that agreement between them is strong evidence of the reliability of the calcu- 


lated age. 
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TABLE 4 
Equation and Constants Used in Lead Method 


A vas 


l 


1541 
9722 x 10° T 
- 4987 x 10°" T 


OL x 10° yrs. 
16 x 10° yrs. 


1.39 + .02 x 10” yrs. 
{°o3; — number of atoms at T o 


. Noss, ete. — number of atoms at present 


The equations governing the change in these experimentally measurable 
ratios with time are straightforward and have been derived by Keevil (1939). 
The final equations modified for the latest constants are given in table 4. For 
a comprehensive analysis of many samples it is quite laborious to compute 
each age; hence simplified nomographs after the manner of Wickman (1939) 
were prepared. Because of their general utility they are reproduced here as 
figures 1-4. In these charts the ratios in numbers of atoms are plotted against 
the age in million years. The charts have been designed for ease in reading 
and are accurate to 0.1 percent throughout most of their range. 

The problem of determining the concentration of common lead in a 
radioactive mineral would be hopeless were it not for the presence of Pb*°* 
which occurs in all common lead but is not known to be radiogenic. By know- 
ing the ratios of Pb®** to Pb?°°, Pb*°?, and Pb*°* for the common lead of an 
area in which a radioactive mineral occurs, the amount of common lead of 
each isotope present in the mineral can be determined. 

PUBLISHED RESULTS 

The samples for which isotopic and chemical analyses have been published 
are listed in table 5. In compiling this table the data were recomputed using 
the nomographs (figs. 1-4). The probable errors were estimated from the mass 
spectrometer data, the isotopic abundance of the uranium isotopes. and the 
isotopic composition of the lead used in making the common lead correction. 
Collins’ data (Collins et al.. 1952) are not represented since only 207/206 
ages are given; neither are those of Stieff et al, (1953) on the carnotite and 
other secondary minerals of the Colorado plateau. 
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Possibly the most striking thing about these data is the lack of internal 
agreement between the various isotopic ages for the same sample. It is clear 


that additional factors are involved. One observation of particular importance 
is that the 207/235 ages are generally a little higher than the 206/238 ages. 
whereas the 207/206 ages are much higher. The explanation for this will be 
considered later after the errors which affect the age measurements have 
been discussed. 
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RADON LEAKAGE 


of 3.83 days. Therefore, as an inert gas, it may migrate from the site of for- 
mation in a radioactive mineral. The radon that escapes will decrease the 
ultimate 206 content and thus affect the 206/238 and 207/206 ratios. This 
factor has been the subject of a recent investigation completed at this labora- 
tory (Giletti and Kulp. 1954). It is possible to measure the radon leakage 
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from uranium-bearing minerals with good reproducibility. The results show 
that at room temperature samarskites leak to an extent of less than 0.1 percent, 
uraninites and pitchblendes leak from 0.1 percent to 10 percent, and second- 
ary uranium minerals such as carnotite may leak 20 percent or higher. It has 
also been found that the leakage rate is temperature-dependent as expected 


for a diffusion process. The leakage is also dependent to a secondary extent 
on particle size. Since it can be shown theoretically that radon cannot diffuse 
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through a perfect crystal lattice, the leakage is related to the submicroscopic 
fissures which determine the total effective surface area in the mineral, This 
is dependent on the amount of ionic substitution, the age, and the tectonic 
history of the mineral. 

Figure 5 shows the percentage of error involved in the 207/206 and 
206/238 ages for 1 percent and 10 percent radon leakage for minerals of 
various ages. It is observed that the error in the 206/238 age is directly pro- 
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TABLE 5 


Published Lead Isotopic Ages on Radioactive Minerals 


Ages in Million Years 
Common 
Sample Locality Lead** 206/238 207/235 207/206 


N-l Joachimsthal 244 +: 249 + 22 242 + 200 
(Pitehblende) 
N-2 Katanga, Congo oe + 615+6 626 + 
(Pitchblende) 
N-6 Katanga, Congo 567 2 577 620 +2 
(Pitchblende) 
Beaver Lodge, N.W.T. Y 2 705 + 
(Pitchblende) 
Great Bear Lake ya 220 + . 1400 +2 
(Pitchblende) 
Bedford, N. Y. - a 300 + 385 + 
(@ranoan Zircon) 
Bedford, N. Y. - K 325+ 308 + 
(Uranoan Zircon) 
Besner, Ont. “i $26+1: 812+10 
(Uraninite) 
Huron Claim, Manitoba ~15 55! : 2490 +: 1090 + 30 
(Uraninite) 
Huron Claim, Manitoba 2610+ 2 1830+ 10 
(Monazite) 
Wilberforce, Ont. -I° 1056 + 55 : 1041 +2 1000 = 20 
(Uraninite) 
Morogoro 790+ 3- 612+2 
(Uraninite) 
Aust, Agder, Norway -1! 1070+: 1098+ 2 
(Cleveite) 
Brevig, Norway 
(Thorite) 
Pied des Monts, Quebec 890+ 
(Cleveite) 
Gullhogen, Sweden oF 378= 1: 800 + 
(Kolm) 
Parry Sound 5 1050 +: 955 + 20 
(Uraninite) 
Glastonbury, Conn. 253 + 25! 293+ 2 275 +4 
(Samarskite ) 
Woods Mine, Colo. ae ea 192 + 
(Pitchblende) 
Gilpin Co., Colo. wees . : 293 + 
(Pitchblende) 
Parry Sound + 133 + 248 +9 
(Thucolite) 
Mount Isa, ye - 933 +12 
Australia 
(Monazite) 
N-29* Las Vegas, Nev. 1300 + 770+ 10 
(Monazite ) 
S-GS63 Shinarump 
No. 1 Claim 
Grand Co, Utah 
(Uraninite) 
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Tarte 5—cCONTINUED 
Aves in Million Years 


Common 
Sample Locality Lead** 9: 207/235 207 /206 208/232 


S-GS64 Happy Jack Mine 5! -- 
San Juan Co. Utah 
raninite) 
Sunshine Mine, Idaho 
(Pitehblende) 
Bisundavi, Rajputana 33 + 940 + 200 
India 
(Uraninite) 
-Soniana, Mewar State 660 + +2 +: 61326 
India 
(Monazite) 


. Galena, Saxony (Nier, J.A.C.S. 60, 1571, 1938) 
Vanadinite (Nier, J.A.C.S, 60, 1571, 1938) 
. Common lead used in correction—from table 8 unless otherwise noted 
. Low either in uranium or thorium 


, Average galena, Colorado Plateau (personal communication, L. R. Stieff 
and T. W. Stern, U.S. Geol. Survey) 
N—Nier (1939; et al., 1941) 
L—Lamont (Kulp, Bate, Eckelmann, and Giletti, 1954) 
K—Kerr and Kulp (1952) 
M—Nier National Res. Council, 1949 
S—Stieff and Stern (1953) 
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Fig. 5. Percentage error in 207/206 and 206/238 ages for 1% and 10% radon 
leakage for minerals of various ages. 
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portional to the percent radon leakage regardless of the age of the mineral, 
and the error in the 207/206 age increases exponentially as the age of the 
mineral decreases. 

Experiments have demonstrated that radon leakage is universally present 
in uranium minerals and is frequently of suflicient magnitude to affect the 
measured age. Since it is temperature-dependent, the integrated radon leakage 
(over the history of the mineral) is difficult to estimate, so that an appreciable 
uncertainty from this source remains in the 206/238 and 207/206 ages, It 
is noteworthy that the 207/235 age is independent of radon leakage. Also the 
206/210 age is independent of radon leakage if the rate of leakage has been 
nearly constant throughout the life of the mineral. 


LEACHING AND ALTERATION 

Recent work by Phair and Levine (1952) has shown that leaching af- 
fects uranium so much more than lead that it is impossible to lower the age 
ratio 206/238 by this process. Therefore recent weathering effects tend to 
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Fig. 6. Apparent 206/238 and 207/235 ages of a mineral whose true age is 1 x 10° 
years for various fractions of uranium leached “yesterday.” 
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increase the 206/238 and 207/235 ages without appreciably affecting the 
207/206 or 206/210 ratios. Figure 6 shows the effect on the two uranium 
ages for a uranium mineral | x 10° years in age for various percentages of 
uranium leached “yesterday.” This is the most likely situation, since appre- 
ciable leaching occurs only when the mineral reaches the surface of the Earth’s 
crust. Figure 7 shows the effect on the 207/206 age of leaching a certain 
percentage of the uranium out of a mineral of true age 1 x 10° years. The 
time at which the leaching began is read from the abscissa. Since uranium 
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Fig. 7. Error in 207/206 age due to leaching of uranium at a specific time for a 
mineral 1 x 10" years in age. 


minerals seldom show evidence of even 5 percent leaching, this does not seem 
to be an important factor. 

Inasmuch as the Pb**"/Pb*!’ ratio is not affected by the leaching of 
uranium in the relatively recent past and yet is quite precise for young as 
well as old minerals, the 206/210 ratio is a much more reliable age index 
than the 207/206 ratio. This Pb*'’ method has been developed recently and 
applied to a number of classic localities with excellent results. The experi- 
mental techniques and theory are described elsewhere (Kulp, Broecker, and 
Eckelmann, 1953). A representative comparison of these ages is given as an 
example in table 6. 

COMMON LEAD 

One of the serious problems for the lead method is the correction for 
common lead. For example. table 7 shows the effect of common lead correction 
on the crude age of a mineral. The Wilberforce specimen has negligible com- 
mon lead and hence gives a reliable “crude” age, while the Caribou Mine 
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specimen would be in error by 700 million years if this correction were 
ignored. 

The isotopic compositions for some common leads reported by Collins 
(Collins, Farquhar, and Russell, 1952) are shown in table 8. The first two 
were chosen to show the maximum range. This amounts to + 25 percent of 
the mean for 206, + 6 percent for 207 and + 7 percent for 208, It will be 
seen from the Broken Hill and Casapalca samples that leads from the same 
mine or restricted locality have essentially the same isotopic composition 
regardless of the lead mineral examined. The sets of samples from the Joplin 
Lead-Zine District. the Connecticut pegmatites. and the North Carolina peg- 
matites show that differences in a metallogenic district are not large. The last 
group on table & gives the average of common lead compositions published 
by Nier (1939). These averages show a constant trend, but individual areas 
may differ greatly from the average depending on the geochemical history. 

The error in the age of a mineral due to the variations in common lead 
content depends on the concentration of common lead and the choice of the 
proper composition of that lead. 

Figure & shows the percentage error found in the age for minerals of 
various ages with a fixed initial ratio of common lead to uranium of & me. 
Pb/em. U. The graph shows the effect on the 207/206 and 206/238 ages for 
the case of (1) no common lead correction (curves A. D) and (2) common 
lead correction made but with maximum uncertainty in the choice of the 
isotopic composition of the lead used in making the correction, The first case 
applies to all of the pre-1938 uranium-lead ages. The second case applies to 
any district where no common lead has been analyzed. It is clear that the 
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Comparison of 206/258, 207/235, 207/206 with 
206/210 Ages for a Selected Set of Pitchblende Samples 


Sample No Locality 206 (238 207 


206 207/235 206/210 


K-6 Gilpin Co. Colo, 5522 220 + 300 58 + 59+2 
K-15 Joachimsthal 19+: 25+ 200 2002 
K-9 Belgian Congo 

K-19 Nicholson Mine 730 + 

K-18 Eldorado 


Panui 
Effect of Common Lead on “Crude” 
‘in million ve 
Locality ("Crude™) 206/72: 207 /235 207,206 
Wilberforce, Ont, 1060 10 1056 4 1055 +15 = 20 
Common lead less than 0.5% 


Caribou Mine, Colo. 740+ 10 
(True age about 25 m.y.) 


Common lead 97% 


0 

0 
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TABLE 8 
Isotopic Abundances of Some “Common” Leads* 


Isotopic abundances referred to Pb 
1.000 

Locality 206 207 208 
Rosetta Mine 12.65 27 32.78 
Barberton, South Africa 
Worthington Mine 26.00 ‘ 15.57 
Sudbury, Ontario 
Kengere 18.94 5. 39.70 
Belgian ( ongo 
Great Bear Lake 15.93 aa 35.3 
N.W.T. Canada 
Ivigtut 
Greenland 


Joplin 
Missouri 
Joplin 
Missouri 
Joplin 
Missouri 
Joplin 
Missouri 
Joplin 
Missouri 
Joplin 
Missouri 


Broken Hill 
Broken Hill 15.93 


NSW 


Galena, Casapalea Mine 18.85 15.66 
Penn. 


Bournonite, Casapalca Mine 18.67 15.45 
Penn. 


Middletown, Conn. 18.81 15.85 
Darien, Conn. 18.87 15.66 
Roxbury, Conn. 18.78 15.88 


Silver Hill Mine 18.41 15.85 


Yancey Co., N.C, 18.48 15.61 


Post Paleozoic Av. 18.94 15.69 
Paleozoic Av. 17.8 15.53 


Precambrian Ay. 15.70 15.16 


srror in 204 ranges, | to 5%, in the other isotopes .1 to 3% 
**N_—_Nier (1939; et al., 1941) 
C—Collins (et al., 1952 a) 
V—Vinogradov (et al., 1952) 
L.—Lamont (Kulp and Bate, 1954) 
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No. ** 
C-12 
C-2 
C-15 
C-16 
V-23 22.42 16.01 41.5 
V-24 21.78 15.72 40.8 
N-9 21.65 15.88 40.8 
N-10 21.65 15.74 40.4 
N-1L1 2? 38 16.15 41.6 
1-10 39.0 
1-42 39.0 
N-18 38.2 
— 
N 37.90 
N 35.25 
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effect is exponentially greater as the true age of the mineral becomes younger. 

The effect of various percentages of common lead on the 207/206 ages 
is shown in figure 9. In this graph two cases are illustrated, one for the maxi- 
mum error in the common lead correction (i.e. complete uncertainty as to 
the common lead isotopic composition to use), and the other for the error 
expected if the variation within a district has been defined. This emphasizes 
the importance of measuring many common leads in the region surrounding 
an occurrence of uranium mineralization. 

The common lead correction is generally based on the non-radiogenic 
Pb*"'. However, since the relative abundance of this isotope is subject to the 
largest error (1 percent or greater), it is preferable to use the Pb*"* as a basis 
for the common lead correction provided that there is negligible thorium 


present in the mineral. 
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Fig. 8 The effect of a common lead on 207/206 and 206/238 ages. A and D no com- 
mon lead correction. B.C. and E, F show case of maximum uncertainty in choice of 
isotopic composition used in making the correction, 
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ERRORS DUE TO OTHER FACTORS 

The error in chemical analysis is generally only a few tenths of a percent 
for LU, Th, and Pb unless the concentration becomes very small, This is the 
case for lead in Tertiary minerals. However, with special procedures even 
this small lead content can be determined with sufficient accuracy so that the 
chemical analysis seldom gives rise to a significant error. 

The mass spectrometer error of 0.2 to 0.5 percent becomes significant 
only if all other variables are essentially eliminated. If the common lead con- 
tent remained low the ultimate precision of the lead method would approach 
0.5 percent. Except for the need of some improvement in the precision of 
measuring the scarce 204, the mass spectrometric technique is not presently 
a limiting factor in the accuracy of the lead method. 

The uncertainty in the half-life of U**° is nearly 2 percent (as seen in 
table 2). This contributes only 1 percent error to the 207 235 ratio, but 
the 207/200 age is much more sensitive to this factor. Figure 10 shows the 
207 /206 ratio plotted against age. The dashed lines are the equivalent curves 
for the extremes of the probable error. 
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Fig. 9. Effect of various concentrations of common lead on 207/206 ages, Two 
cases are shown: (1) maximum uncertainty in isotopic composition of common lead used 
for correction, (2) uncertainty in isotopic composition of common lead limited to range 
of compositions obse rved ina district. 
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GENERAL DISCUSSION 

Consider again the question raised by the data of table 5. It is observed 

that the 206/238 age is generally a little lower than the 207/235 age but the 
207/206 age is considerably higher. This can be explained in various ways: 
(1) Radon leakage would have the effect of lowering the 206 238 age while 
raising the 207/206 age to a greater degree. This would make the 207/235 
age the most reliable age. (2) If the half-life of U** is larger than reported, 
the age for 207/235 would be low. The 207 206 age would also be low. 
would also produce the observed 


Fig. 10. 207/206 ratio as a function of age. Dashed lines indicate the probable 
error due to uncertainty in the half-life of U°*° and the relative abundance of the uranium 
isotopes. 


The third possibility proves to be highly unlikely on perusal of the 
available data on neutron capture cross-sections. The fact that virtually all of 
the 207/206 ages lie to the right of the curve drawn for the “best” half-life 
suggests that error in the half-life of U**’ may contribute to the variation in 
the ages. However, since radon leakage would displace the 207/206 ages in 
the same direction the answer is not obvious. Certainly if the half-life were 
the major factor, the anomalies would be expected to be quite regular, This 
is not the case. 

It appears that radon leakage is the primary cause of the differences in 
the ages obtained from the different ratios. The measured leakage at room 
temperature nearly always brings the ages into better agreement. Since it 
has been demonstrated that the rate of leakage increases measurably with 
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temperature, it is probable that most of the variations can be accounted for 
in this way, in view of the higher temperatures prevailing at the mineral site 
over most of its history while at depth. 

If this analysis is correct, the most reliable age will be 207/235 because 
it does not involve radon loss. The 206/210 age will also be reliable provided 
the mineral has been at surface temperatures for most of its life. because it 
is not affected by recent leaching of the uranium. If the radon leakage can be 


TABLE 9 
207/206 Ages from Different Laboratories 


On Same Deposits 


Sample and Laboratory Locality 207/206 Age 


N-1 Belgian Congo 632 
L.-9 Belgian Congo 676 


Belgian Congo 615 to 655 (5 Samples) 


Great Bear Lake 1397 + 20 
Great Bear Lake 1407 
Great Bear Lake 1430 
Great Bear Lake 1410 
Great Bear Lake 1330 
Great Bear Lake 1350 


Witwatersrand 1960 
Witwatersrand 2070 


Wilberforce, Ont. 104] 
Wilbertorce, Ont. 1090 
Wilberforce, Ont. 1032 
Wilberforce, Ont. 1025 


L—Lamont (Kulp, Bate, Eckelmann and Giletti, 1954) 
N Nier (1939: et al. 1941) 

(—Collins (et al., 1952a) 

C-X—Collins, unpublished results 


measured as a function of temperature and the average temperature for the 
history of the mineral estimated, then the 206 238 age is entirely satisfactory. 
Under these conditions the 207/235, 206/238 and 206,210 ages will agree 
if there has been no leaching of uranium, For very young specimens there is 
so litthe radiogenic Pb*’’ that the error due to the common lead correction 
makes the 207/235 age much less reliable than the 206 238 age. 

The 207 (200 age is apparently the least reliable. Table 9 lists the 207 206 
ages for samples from the same localities measured in different laboratories. 
The agreement is good, proving that the errors are not in the mass spec- 
trometric determination, 

It has been suggested that the 206/232 ages are inferior to the uranium. 
lead ages. However, an analysis of the data of table 5 as well as unpublished 
data obtained in this laboratory suggests that in those cases where the uranium 
and thorium contents of a mineral are both high. the ages are in good agree- 
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ment, Anomalies do occur for those cases where either uranium or thorium is 
present in very small amounts. 

Finally, let us attempt to translate what this means in terms of practical 
geological problems. 

At the present time there are only a few localities for which the age may 
be considered as established within 5 percent. These include: Wilberforce, 
Ontario, 1040; Parry Sound, 1010; Besner, 780; Katanga, Belgian Congo, 
600; Bedford, New York, 340; Glastonbury, Conn., 260, and Gilpin Co. 
Colorado, 59 m.y. There are many others which are probably correct to 20 
percent but these are being or will be redetermined shortly along the lines 
discussed in this paper, so that accuracy comparable to these others will be 
forthcoming. 

Equipment is available at a number of laboratories for making the 
isotopic examination, and at least one laboratory has facilities for making 
the radon leakage measurements. Studies are in progress which may make it 
possible under some conditions to determine the age of accessory minerals 
in many types of igneous rocks. 

In the near future it can be assumed that lead age measurements which 
approach 2 percent uncertainty from 50 m.y, to 3000 m.y. will be attained. 
This means + 2 m.y. in the Cretaceous: + 4 m.y. in the Permian; + 10 
in the Cambrian and; + 60 in the earliest Precambrian, While this may 
appear to be phenomenal accuracy in terms of what has been available here- 
tofore, it will be inadequate to study many detailed problems of paragenesis 


of interest to mining people. It seems unlikely that a metallogenic epoch 
occurred over many millions of years, and thus its various phases cannot be 


differentiated at the present time. However, it would be wrong to conclude 
that the ultimate has been achieved. 
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EXTENT OF GLACIATION ON THE CONTINENTAL SHELF 
IN THE BEAUFORT SEA 
ALFRED J. CARSOLA 


ABSTRACT. The continental shelf in the Beaufort and Chukchi Seas is terminated by 
a shelf-break at a depth of approximately 35 fathoms. This suggests a common origin of 
the shelf-break in beth seas and leads to the conclusion that continental glaciation did 
not affect the outer shelf in these seas. There is evidence, however, which indicates local 
glaciation on the inner shelf in the eastern Beaufort Sea. 


INTRODUCTION 

Scientific expeditions have brought back new soundings from 35,000 
square miles of sea floor in the Arctic Ocean and adjacent seas off Alaska 
and northwest Canada (figs. | and 2) in the years between 1950 and 1952 
(Carsola, 1953). The shelf-break' was crossed in many places between Banks 
Island and the 165th Meridian West by ships which recorded these soundings 
continuously on echo-sounding tapes. Figure 3 shows six of these records 
made as the ship crossed the shelf-break approximately at right angles. 

This new information indicates that the shelf throughout the area is less 
than 40 fathoms deep. Most of it lies near 25 fathoms. The depth of the shelf- 
break varies between 29 and 40 fathoms, averaging about 35 fathoms. Locally, 
the shelf is incised by two seavalleys—Barrow Seavalley off Point Barrow 
and the Mackenzie Seavalley off Mackenzie Bay (fig. 2); another shelf feature. 
Amundsen Trough, lies under the gulf which separates Banks Island from 
the mainland (Carsola, 1953). Barrow Seavalley is apparently caused by an 
oceanic current. Amundsen Trough, U-shaped in transverse cross-section, has 
a floor averaging about 235 fathoms, Locally it reaches a depth of approxi- 
mately 500 fathoms. It is thus incised 200 fathoms or more below the sur- 
rounding shelf. It is clearly glacial in origin. The Mackenzie Valley (some- 
times called the Herschel Island Canyon) is also U-shaped, although not so 
wide as Amundsen Trough. The floor of this seavalley slopes gently north- 
westward. At the head it is about 15 fathoms (90 feet) below the surrounding 
shelf at 25 fathoms, whereas near the edge of the shelf it lies about 200 
fathoms (1200 feet) below the surrounding sea floor. It is probably the 
glaciated, drowned former principal valley of the Mackenzie River. 

The nature of the shelf in the Beaufort and Chukchi Seas furnishes some 
clues to the Pleistocene and post-Pleistocene history of this area, as well as 
that of the adjacent land areas, It is necessary first, however, to examine some 
of the more important current theories regarding the origin of the continental 


shelf and shelf-break. 


THEORIES REGARDING THE SHELF AND SHELF-BREAK 
Theories regarding the origin of the shelf-break have been discussed in 
detail by Dietz and Menard (1951) and Shepard (1948). These writers 
generally agree that the shelf-break was formed at a eustatically lowered 
! The point on the sea floor where an abrupt increase of slope would be noted by 


an observer proceeding in the direction of increasing depth from the continental shelf. 
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Pleistocene sea level, as suggested by most oceanographic and geologic evi- 
dence available (Dietz and Menard, p. 2001-2014). 

Shepard (1948, p. 157-174) has concluded that shelves are formed by a 
combination of a variety of processes, including marine clastic sedimentation. 
current and wave erosion, limestone deposition, glaciation, and deltaic de- 
position, To these the author adds scour and deposition by sea-ice, While 
Shepard did not attempt to explain the shelf-break. he inferred that since the 
shelf has been formed in shallow water and has subsequently been drowned. 
the shelf-break must have a similar origin. The shelf-break may mark the 
drowned seaward edge of a limestone platform, the outer edge of a delta. the 
site of a wave-beveled former chain of islands, or the forward edge of a 
wave-cut or wave-built platform. 

Dietz and Menard propose that the shelf-break was cut by vigorous 
wave abrasion at a time when the depth at its present site was no more than 
27 feet (414 fathoms). Subsequent post-Pleistocene rise of sea level has 
placed the shelf-break at its present depth. 

Dietz and Menard (1951, p. 2014) give representative depths of the 
shelf-break: 60 fathoms off the Atlantic coast of North America: 50 to 70 
fathoms off the Gulf Coast; 50 fathoms off the Pacific Coast. In general. they 
state that it is usually found at depths of 45 to 80 fathoms, Shepard (1948. 
p. 143-145) states that the average depth of the feature here referred to as 
the shelf-break is 72 fathoms: off glaciated areas in the Arctic and Antactic 
it is found at an average depth of 112 fathoms. His figures do not include 
the Beaufort-Chukchi Sea shelf-break at 35 fathoms which may extend as far 
eastward as Novaya Zemlya off Siberia (fig. 1). Inclusion of the shelf-break 
over approximately half of the Arctic region would diminish the average 
somewhat. The same can be said of the average depth of the shelf. quoted as 
35 fathoms by Shepard (1948. p. 144). If over half of the Arctic shelf aver- 
ages 25 fathoms this figure might be diminished a few fathoms. 

The location of the shelf-break at similar depths in two adjacent marine 
areas indicates a similar post-shelf-break history for both areas, regardless of 
what major process caused it, Here it is assumed with most marine geologists 
that the shelf-break was formed at a lower stand of sea level than exists at 
present, This suggests that the Chukchi Sea shelf and the Beaufort Sea shelf 
must have had a similar history. The shoalness of both the shelf and the 
shelf-break suggest a history different from that of the glaciated Arctic off 
northern Europe, Greenland and most of the Canadian Archipelago. 


HISTORY OF THE CHUKCHI-BEAUFORT SEA SHELF 

The fact that the shelf in the Beaufort and Chukchi Seas is relatively 
shallow and that it is terminated at a shallow shelf-break eliminates glaciation 
as a major cause in its formation. The lack of irregularities of glacial origin 
in shelf topography west of Herschel Island (fig. 2) refutes the possibility 
that it may have been glaciated during the Pleistocene unless rapid post- 
Pleistocene sedimentation has masked all traces of glaciation. The presence 
of at least one and possibly two glacially sculptured troughs in the eastern 
Beaufort Sea indicates local glaciation in that area. but there is no evidence of 
any extensive glaciation of the shelf. 
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This does not mean that the area was not covered by ice during Pleisto- 
cene glacial epochs. While adjacent land masses were locked in glacier ice the 
Beaufort and Chukchi Seas must have been covered all year by sea-ice, even 
as they are now covered for 8 to 11 months (H. O. 550, 1946), With ice 
covering the sea, only waves of insignificant size could form in small leads 
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Fig. 1. The Arctic regions showing the location of the area described in this report. 


in the ice. Hence, wave action would have been unimportant. Deposition on 
the floor of such an ice-locked sea would also be insignificant. lee would have 
been grounded as during present winters in the area, in depths of 20 fathoms 
or possibly more (H. O. 77, 1951, p. 30). 

Thus, if the shelf-break was formed at shallow depths it must have been 
formed before the Pleistocene. During Pleistocene interglacial stages it was 
too deep to permit a shelf-break to be formed, and during glacial stages it 
was ice-locked and could not have been formed by processes referred to 
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previously. Grounded ice might be suspected as a cause of a break in slope. 
but there is no evidence that present ice-grounding forms such a feature, and 
it is improbable that this process might have formed a Pleistocene shelf- 
break. The shelf-break. therefore. must have formed before the Pleistocene 
epoch at a time when the shores of the Arctic Ocean and its adjacent seas 
were ice-free for most of the year. 
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Fig. 2. Approximate position of the shelf-break in the Beaufort and Chukchi Seas. 

Evidence concerning glaciation on land areas bordering this region also 
tends to support a theory of limited glaciation only, According to Flint (1947, 
pl. 3). Pleistocene continental glaciers during the maximum Wisconsin stage 
affected only the Brooks Range in northern Alaska, The Arctic plain north of 
the Brooks Range was affected only by limited glaciation. He shows continen- 
tal glaciers covering the entire Canadian Archipelago, the eastern Beaufort 
Sea. and the mainland as far west as Herschel Island. 

Jenness (1952), however. has presented physiographic evidence which 
suggests that continental glaciers did not reach the northern part of Banks 
Island and probably did not reach the western half of the island (Jenness, 
1952. fig. 2). Victoria Island to the east was glaciated, but Prince Patrick 
and others of the western islands of the Canadian Archipelago escaped exten- 
sive glaciation. These islands and the northern part of Banks Island may have 
been subjected to local glaciation, but they show no evidence of continental 
glaciation. 

There is no evidence to suggest that the mainland bordering the eastern 
Beaufort Sea was not glaciated by continental glaciers. In this respect the 
author agrees with Flint. However, there is overwhelming evidence against 
Pleistocene continental glaciation of the present continental shelf in this area. 
Amundsen Trough and possibly the Mackenzie Seavalley mark the courses 
of local glaciers or lobes of the continental glacier which followed old drain- 
age channels onto the Pleistocene plain which is now part of the shelf of the 
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eastern Beaufort Sea. But the main body of the ice sheet that covered North 
America during the Pleistocene lay to the east and south. 

In summary, the continental shelf off Alaska and northwestern Canada is 
terminated by a shelf-break at 35 + 5 fathoms. It shows the effects of limited 
glaciation at its eastern end, but this was purely a local effect. The shelf 
originated before the Pleistocene and has since been altered by several shelf- 
modifying processes. It is probably a part of the vast unglaciated Arctic 
continental shelf which is unique in being the shoalest shelf of comparable 
size in the world. 
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HOW DOES CONE-IN-CONE MATERIAL 
BECOME EMPLACED?* 


ROLAND W. BROWN 


ABSTRACT. Cone-in-cone calcite sandwiched between the counterparts of an Eocene 
fish is the basis for a review of the theories concerning the emplacement of such material. 
Any theory for ordinary bedding plane cone-in-cone that cannot explain this unique fossil 
fish occurrence satisfactorily must be considered inadequate. 


The belief that the specimen here described displays a feature not hitherto 
reported in any discussion of cone-in-cone is the excuse for still another paper 
on that much-debated phenomenon. Most articles on cone-in-cone seem to be 
concerned chiefly with the origin of the conical and associated structures. 
but here the emphasis is on the origin and emplacement of the cone-in-cone 
material before the development of the conical structures, which, in the opinion 
of most observers, are secondary. 

On June 25, 1953, accompanied by George Pipiringos, also of the U. S. 
Geological Survey. | examined the talus slope on the south face of Steamboat 
Mountain in the northwestern part of the Red Desert, about 30 miles north- 
east of Rock Springs. Wyoming. Among the mixed igneous and sedimentary 
debris I found the small piece of rock here figured (pl. 1, figs. 1-4). It very 
likely came from a layer in the basal part of the Green River formation 
(Eocene) that crops out in the steep escarpment around the mountain, but, 
because success in finding the exact bed seemed remote. no effort was made to 
locate the source stratum. The rock has the imprint of a fossil fish on one side 
and its counterpart on the other, with 2 centimeters of relatively pure calcite 
separating them. Whether or not a similar layer of cone-in-cone existed im- 
mediately beneath this at the outcrop, with yet another counterpart of the 
same fish, is, of course, unknown. To find a fossil fish in rock from the Green 
River formation, which is celebrated for its fine fish remains, is not surprising, 
but to find the counterpart of the same fish on the opposite face of the rock 
separated by 2 centimeters of cone-in-cone calcite, is astounding and certainly 
calls for an explanation. It would seem now that any theory purporting to 
account for the emplacement of the material in the usual cone-in-cone found 
in sedimentary strata must also explain satisfactorily how the counterparts 
of this fish got separated by 2 centimeters of fibrous calcite. 

The collector of fossil fishes or fossil leaves knows that well-preserved 
specimens and their counterparts generally occur along bedding planes and 
that an appropriate blow of the hammer opens the fossiliferous rock along 
such a plane of weakness. It is not diflicult to imagine the original fish or 
leaf settling through the water to the bottom of the pool or lake where it 
flattened out on the sand, silt. or other sediment, and, covered by more de- 
posits, underwent the physical and chemical changes incident to fossilization, 
leaving its more prominent features clearly impressed on the opposing layers 
along the bedding plane. Is there any reason to suppose that the Steamboat 
Mountain fish was not thus embedded and preserved some 40 million years 
ago? 


* Publication authorized by the Director, U. S. Geological Survey. 


Roland Brown 


Assuming that the fish was buried in the manner just described. how 
and when did its counterparts get separated by fibrous calcite? This calcite. 
which perhaps originally was aragonite, may. in effect. be likened to a vein 
formation, although its position was parallel to, not across, the bedding of 
the enclosing sediments. Perhaps Pettijohn (1949, p. 156) assumes too much 


in saying that the condition is “comparable to those of fibrous vein quartz, 
the fibers of chrysotile veinlets, fibrous gypsum veins, and the fibrous ice 
crystals in frost-heaved soils.” Fibrous manganiferous siderite may also be 
added to this list (Hendricks, 1937). Whatever its ultimate derivation or by 
whatever name the material may be called, the time and method of its em- 
placement and crystallization along the bedding plane require elucidation. 

Before reviewing some of the theories for explaining these matters, I shall 
call attention to another observation that may have some relevance, Was the 
lime, in the present instance, attracted to the site by the organic substance 
of the fish? This probability must not be dismissed lightly. I have seen Cam- 
brian trilobites whose upper and lower surfaces are now separated by 2 to 
3 millimeters of fibrous calcite and incipient cone-in-cone, but these trilobites 
occur as small lenticles along a bedding plane having little or no other fibrous 
calcite in the intervening areas. | have also been informed by one of my 
colleagues that he has seen in the field an ammonite that was separated from 
the impression of the exterior of the shell by a centimeter or more of cone-in- 
cone. By citing these examples | do not mean to imply that organic matter is 
always a concomitant of the formation of cone-in-cone, for many outcrops of 
cone-in-cone do not show or suggest the presence of any apparent organic 
matter. Perhaps the organic matter, such as a fish or leaf, simply leaves the 
bedding plane wefkest at those sites and. consequently. makes the opposing 
layers of rock more susceptible to separation there. 

W. A. Tarr gave much thought to the investigation and explanation of 
cone-in-cone (in Twenhofel, 1932. p. 716-733). His theory for the early 
sequence of events in the process is essentially in accord with that I have 
summarized for the burial of an organism, except that he specifies a layer of 
marl as a necessary requirement. Then (p. 726) lime began to be transferred 
from the marl and “the deposition of the fibrous calcite started along a bed- 
ding plane. and as the solutions carried more calcium carbonate to this plane. 
growth continued in both directions from the plane: . . . The crystalline 
fibrous calcite undoubtedly occupied less space than did the original marl.” 
Tarr, therefore, did not invoke the ferce of crystallization as a factor in the 
formation of cone-in-cone. It should be noted also that Tarr did not say when 
the emplacement of fibrous calcite occurred—before, during. or after indura- 
tion of the sediments. His only reference to time was in connection with his 
insistence that the conical features developed subsequently to the completion 
of the growth of the fibrous calcite. This “time” also was not fitted into the 
time picture of the whole. 

If the force of crystallization was the active. opening wedge in the em- 
placement of the fibrous calcite along a bedding plane. the time of erystalliza- 
tion could be important. If crystallization be postulated for the period before 
the accumulation of much overburden, the separation of sedimentary layers 
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by that method might be readily possible. but if much overburden had accu- 
mulated, crystallization. although powerful, probably could not lift all of 
this weight and would merely cause differential compaction for a short dis- 
tance within the adjacent sedimentary layers. Most well-developed bedding 
plane cone-in-cone shows the largest cones with broadest bases on the upper 
side of the emplacement. The upper surface of these bases may show that 
some of the cupped conelets have slipped with respect to one another, | have 
never observed this feature on the under side of cone-in-cone, Does the off- 
setting of these conelets mean that during or after emplacement of the calcite 
the yielding was in the sediments above rather than in those below the original 
bedding plane ? 

Another theory for cone-in-cone along a bedding plane, but not assuming 
a marly layer. hints that external structural stresses may have caused spaces 
to open up along weak bedding planes, thus permitting lime solutions to enter 
and crystallize. It seems diflicult to disprove that this may perhaps apply to 
some occurrences. Tarr (Twenhofel, 1932. p. 722), however. reported that 
the Comanchean of Kansas has a more or less lenticular cone-in-cone layer 
spread over an area 25 by 40 miles in extent. This layer is so characteristic 
of a given stratigraphic horizon that Twenhofel and Tester (1926) considered 
it useful, discretion implied, for correlation purposes. How external stresses 
could have operated to produce the opportunity for cone-in-cone calcification 
over such an extensive area and at the same general level requires a strenu- 
ous exercise of imagination to visualize. 

The theories considered thus far have assumed the presence of a bedding 
plarre with adjacent sedimentary layers already in place. Suppose. on the other 
hand. we assume that the floor of a pool or lake. whose waters are charged 
with lime. is receiving limy sediments. granular or stromatolitic. Is it pos- 
sible that the accumulation of sediment may grow upward at such an even 
rate and so homogeneously that the upper surface of a 2-cm thickness of 
fine lime should preserve a faint but still recognizable counterpart of all the 
inequalities of the lower surface. including the outline of the skeletal remains 
of a fish? I do not know that such a possibility has ever been demonstrated. 


tested. or proved on the scale comparable to that of the specimen here being 


considered. In any event the development of fibrous calcite from the amor- 
phous lime would still require explanation. 


Figs. 1-4. top, side, and bottom views, respectively, of a cone-in-cone specimen from 
the south face of Steamboat Moutain, 30 miles northeast of Rock Springs, Wyo. Natural 
size. Photos by Nelson W. Shupe. 


Figs. 1. 4. are counterparts of an Eocene fish, separated by 2 centimeters of cone- 


in-cone calcite. shown in figures 2. 3. Fig. 3 shows the broadest-based cones toward the 
upper surface. Near the upper left but not clearly depicted is a small patch of the stair- 
waylike annulations or drag marks commonly seen in weathered cone-in-cone. The direction 
of the broad-based cones and the ascending arrangement of the “steps” of the drag marks 
serve to orient the usual specimens of cone-in-cone. For example, the specimen illustrated 
by Twenhofel (1932, fig. 101B) appears to be upside up, but that by Shaub (1937, fig.4) 
to be upside down. 
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Still another theory for cone-in-cone was proposed by Shaub (1937), 
and was based on analogy with the formation of conical cups in alluvial 
material along the floodplain of the Connecticut River. According to this 
theory, “cone-in-cone originates as the result of contraction, settling. or volume 
shrinkage during dewatering of highly saturated. porous. fine-grained sedi- 
ments of any kind (such as silts, marl!s, finely comminuted organic materials. 
including certain kinds of coals. . . . fine-grained sand. hydrated silica, pre- 
cipitated calcium carbonate, etc.) deposited under a loosely packed condition.” 
Although Shaub here pointed out a striking analogy so far as the end products 
are concerned, | cannot accept the conclusion that, therefore, the processes 
leading to those ends are identical. Too often | have noted that in nature. 
art, and industry, identical or almost identical-looking products may result 
from application of quite different methods. 

In the presentation of this discussion | have raised questions to which | 
have volunteered no answers. The reason is plain. | do not know the answers. 
The subject is like the many-headed hydra whose slaying was a problem 
because no sooner was a head lopped off than two others came up in its place. 
Nevertheless, | recommend this fossil fish and its counterpart as food for 
thought to researchers on cone-in-cone. 
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COMMUNICATION 


CHANGE OF EDITORS 


With the present issue | am giving up the editorship of this JOURNAL, 
after five years of service that to me has been a rewarding experience. Ex- 
cellent papers are coming to us in increasing number, from many parts of the 
world. The diverse fields of interest covered by these papers indicate a steady 
broadening of our geologic horizon, a marshalling of scientific disciplines in 
the attack on fundamental problems of the Earth. Even a rapid inspection of 


the more than 1600 issues of “Silliman’s Journal” gives some idea of the 


The growth goes on at an accelerating rate. 

My successor. John Rodgers, has proved his worth in the role of Assis- 
tant Editor. To him, to the Associate Editors. and to our efficient Secretary 
Mrs. Elizabeth Weinman | give my sincere thanks for loyal and unfailing 
support. 


CHESTER R, LONGWELL 


It is with great regret that we approach Professor Longwell’s resigna- 
tion as Editor of the AMERICAN JOURNAL OF ScieNCcE, Under his guiding hand, 
it has kept its standards at the high level set by Benjamin Silliman, the Danas. 


Ernest Howe. Alan Bateman. and Richard S. Lull. We have been fortunate 


indeed to be associated with him in the enterprise. and only hope that in 


coming years the JOURNAL may serve American Science as well as it has in 


the past. 
JOHN RODGERS 


, 
phenomenal growth in Earth Science since the first issue appeared in 1818, 


REVIEWS 

Data for X-Ray Analysis, Vol. 1, Charts for Solution of Bragg’s Equation; 
by W. Parrisn and B. W. Irwin. P. viii, 100. Vol. Tables for Computing 
the Lattice Constant of Cubic Crystals; by W. Parrisu, M. G. Exstetn, and 
B. W. Irwin. P. viii, 82. Both 814 x 111% inches, paperbound. Eindhoven, 
1953 (Philips’ Technical Library, publishers; North American Philips Co., 
Inc.. Mount Vernon, N. Y., and N. V. Philips’ Gloeilampenfabrieken, Eind- 
hoven, agents, $2.00 per volume).—The 85 charts in Volume I provide a 
graphical solution of Bragg’s Law for the Ka, Ka, and Ka. wavelengths of 
X-rays from Mo, Cu, Co, Fe, and Cr targets. Abscissas are uniformly graduated 
to read .O1° of @ and .02° of 24; the ordinates are graduated in d-values to 
OL for 6 < 15.5, and to .0O1 for 6 > 20.5. The change in scalemodulus for 
d is at 15.5° for Mo and Cu, at 20.5° for Co, and at 18° for Fe and Cr. Gradua- 
tions are too close (100 in 314 inches) for interpolation. Some workers will 
no doubt prefer charts to tabulated data. 

Volume II presents a new table showing to six decimal places the values 
of \/N.A/2. where N h? + K° + FP. for the Ka,. Ka., and KB, radiations 
from Cu, Ni, Co, Fe, and Cr, for various ranges of N such that the function 
goes up to about 15 for Ka,. In addition, tables from other sources are quoted 


giving sin’@ to .OOOL for 10° to 89.9° by .1 increments; 14 | ——— + 
“\sin 6 

to .OO1 for 4 10° to 88.9° by .1° increments; lattice constants of cubic 


substances. and figures showing typical powder patterns for 33 different cubic 
structure-types. This convenient volume will be welcomed by those interested 
in precise determinations of lattice constants, cubic and otherwise 

HORACE WINCHELL 


A Field Guide to Rocks and Minerals; by Freverick H. Poucn., P. xvi. 
334; 44 pls. with 254 photographs, 72 in color: about 230 crystal drawings 
in legends to plates; 54 text-figs. Boston, 1953 (Houghton Mifflin Co.. $3.75). 

This guide is simply written, and certainly adequate for its main purpose. 
It should find great popularity among mineral collectors, and will surely 
be welcomed by their professional brethren who will appreciate it as perhaps 
the best modern reference to which interested collectors, both casual and ad- 
vanced, should be referred. 

The content of the book is comprehensive enough for serious collectors 
and basic enough for most beginners in mineralogy. It is primarily a field 
guide: as such, identifying criteria related to the geologic settings of minerals 
are strongly emphasized. Good blowpipe and other tests are given, some of 
them new and all of them tested by the author. The use of tests based on 
fluorescence is emphasized in the preface: one new test using fluorescence is 
the distinction celestite vs. barite | yellow-green (p. 68) or bright green (p. 
182) vs. orange fluorescence. after strong heating|. Standard fluorescence 
tests for recognition of uranium. scheelite. fluorite. and a few other substances 
are given. There are no determinative tables of any kind. 
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The six chapters in part | (p. 1-78) cover “Your mineral collection,” 
“Rocks and minerals and where to find them.” “Physical properties of min- 
erals,” “Crystal classifications,” “The chemical classification of minerals,” and 
“Tests, techniques, and tips.” Part Il (p. 79-313) includes systematic de- 
scriptions of about 275 minerals. The descriptions start in each case with 
name, chemical formula, and crystal system and class. The standard sub- 
headings in these descriptions are as follows: environment, crystal description, 
physical properties, composition, tests, distinguishing characteristics, occur- 
rence, and interesting facts. A useful glossary of the geologic terms used in the 
book, an annotated list of appropriate reference works and periodicals, and 
a general index (7 double-column pages) complete the book. 

The selection and arrangement of material for the abundant and excellent 
illustrations deserve special praise. A uniform, distinct but inconspicuous 
background showing 514 stripes per inch to give scale was an inspiration that 
may all too easily go unnoticed. The pictures in full color are especially good. 

The lack of determinative tables seems unfortunate. A collector will have 
to be familiar with almost the whole book before he can use it effectively as 
a guide for identifying unknown minerals. In spite of this deficiency the book 
can be most highly recommended. 

HORACE WINCHELL 


Historical Development of Inclusion Thermometry; by F. G. Smitu. P. 
iii, 149. Toronto, 1953 (University of Toronto Press, paperbound, offset 
printing, $4.50).—This little book represents a valuable contribution to the 
geological and mineralogical literature. It includes more than its title indicates 
in that it is a comprehensive source book of inclusion studies of all kinds, 
solid. liquid, and gas, bringing together abstracts of data pertaining to in- 
clusions from over 400 papers from a wide variety of sources, with a subject 
index to the bibliography and a critical summary, This represents a diflicult 
task, as important contributions frequently will be found in papers dealing 
with apparently extraneous subjects in such fields as chemistry, regional 
geology. petrology, mineralogy, and gemology. Many geologists and mineralo- 
gists will be surprised to read abstracts of the careful detailed studies of such 
men as Sorby and Zirkel: even in hindsight their conclusions are amazingly 
close to the truth and much of their data is still significant 100 years later. 

Inclusions—particularly the two and three phase liquid-gas and crystal- 
liquid-gas types—have influenced geological thought greatly since Davy’s 
study in 1822 of the composition and interpretation of the liquid in quartz 
crystals. Inclusions have been a sharp thorn in the side of some schools of 
thought. and have been offered as proof of others. They became the subject 
of intense study and debate during Sorby’s time. ca, 1850-1870. but: since 
then there has been a rather steady decline in activity in the field. The con- 
sensus of opinion has been that the proof of the secondary origin of most 
inclusions and possibilities of later loss or addition effectively negates their 
significance, In actuality these very ambiguities of origin result in the possi- 
bility of still greater significance to the data. provided techniques are adequate 
to resolve the ambiguities. Error can arise only when the conclusions drawn 
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are broader than the available facts and limitations justify. Regardless of 
their origin, inclusions do represent actual samples—the only samples we 
have—of former fluids existing at some time in the history of the Earth. As 
such, they are certainly challenges to the imagination, and this reviewer 
remembers well the inspiration he received when, as an undergraduate, he first 
saw through the microscope the Brownian movement of the bubbles in fluid 
inclusions in a quartz crystal of Precambrian age. Inclusions illustrate beauti- 
fully the scientific truth that minute details in observations or measurements 
may be significant far out of proportion to their size. To illustrate this, Smith 
includes a very poignant quotation from one of Sorby’s classical papers 
(1858): “L argue that there is no possible connexion between the size of an 
object and the value of the fact. and that. though the objects | have described 
are minute, the conclusions to be derived from the facts are great.” 

The only errors found by this reviewer, other than very minor misprints, 
are mainly by implication rather than statement. Some may feel that the rela- 
tive weighting of the different papers covered is occasionally a little unbalanced 
in favor of the decrepitation method. In view of the comparative absence of 
critical discussions of inclusions in most current textbooks, many may be 
surprised at the variety of provocative data revealed by the more recent studies 
on inclusions. Smith is to be congratulated for this excellent review of the 
literature of a neglected subject. 

EDWIN ROEDDER 


The Literature of Geology: compiled by Brian Mason, P. vii, 155, New 
York, 1953 (Brian Mason, c/o The American Museum of Natural History. 
$2.00).—This little book is a valuable addition to the list of bibliographic 
aides in geology. It begins with a check list of bibliographies, dictionaries, etc.. 
and of textbooks and other standard references in the special fields of geology. 
Three-quarters of the book, however, is devoted to a thorough regional listing 
by countries (also by states or provinces for the U. S.. Canada, Germany, and 
Australia) of periodicals and organizations that publish geological articles 
and reports, and of general geologic maps and comprehensive descriptions of 
the countries. A casual check indicates very few omissions in the regional part. 
which will be indispensable for geologists and geological departments that wish 
to maintain adequate libraries in regional geology. 

JOHN RODGERS 


Report on Studies of Stratification in Modern Sediments and in Labora- 
tory Experiments: by Eowin D. McKee. P. ix, 61: 28 figs.. 12 pls. Tucson. 
Arizona. 1953 (Arizona Geological Society, Box 2270. Tucson. $1.00). 
The report under review, originally prepared as an interim report on an 
Office of Naval Research project. is now being published (offset printing from 
an electric typewriter) by the Arizona Geological Society. with the permission 
of ONR. Though characterized by McKee as only preliminary. it contains the 
results of painstaking field and laboratory studies of stratification, and sup- 
plies new and valuable data on several kinds of littoral and continental 
sedimentation. 
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McKee and his students carefully examined the stratification of recent 
beach, sand dune. alluvial fan, lagoon, and tidal flat sediments in several 
localities in Texas, Arizona, California, and Sonora, and supplemented this 
material with a few laboratory experiments on delta and stream channel 


deposits. Not all the results confirm previous suppositions: for example, they 


show that beach stratification is not all characterized by uniform thin strata 
with only low-angle cross-laminae but differs widely on different parts of the 
beach, in places being very irregular with high-angle cross-strata. Likewise. 
cross-strata were produced that were strongly convex upward in certain 
cross-sections, showing that isolated examples of cross-stratification are not 
safe criteria of superposition and stratigraphic sequence. The work is profusely 
illustrated with some 30 line drawings and 60 photographs. The Arizona 
Geological Society is to be thanked for making this able study widely available. 


JOHN RODGERS 


New Zealand Pollen Studies: The Monocotyledons; by Lucy M, CRran- 
WELL, Auckland Institute and Museum Bulletin 3. P. 91; 67 figs., 8 collotype 
pls., frontispiece. Cambridge. Mass.. 1953 (published by Harvard University 
Press for the Auckland Institute and Museum, $5.00, clothbound; $3.50, 
paper cover).—In a field of botanical research of growing importance to 
paleontology. systematic botany, and aerobiology Lucy Cranwell’s recent book 
on the pollen flora of New Zealand marks another major advance. The study 
of pollen grains, and also the spores of lower vascular plants. has become 
of increasing interest in recent years as an adjunct in solving problems of 
forest history, postglacial chronology and climatic change, correlation of 
sedimentary rocks, and also in that rather widely separated field, the study 
of hay fever and air-borne allergies. The fundamental basis on which these 
many applications of palynology lie is primarily intensive study of the strue- 
ture of pollen grains in various groups of the plant kingdom and secondly 
in incorporation of this knowledge into the taxonomic system. In these re- 
spects the book is an outstanding achievement. 

Although at first glance it might seem of limited scope to describe the 
monocotyledonous pollen flora of a small geographic area such as New Zea- 
land, examination of the book shows a very extensive and scholarly survey 
of the literature not only of the austral flora but of pollen morphology in 
general. It is to be hoped that one of the author's aims. viz.. to reawaken 
interest in pollen grains as an important tool in systematic botany, will result 
from her careful descriptive contributions. 

In describing pollen grains the author has attempted to limit terminology 
to as simple a vocabulary as is commensurate with accurate definitive de- 
scription for the use of keys in identification. For this she has adopted primari- 
ly the system of Faegri and Iversen, and Iversen and Troels-Smith. Added 
clarification. is provided by a glossary describing the meaning, origin and 
varied uses of many of the terms. For those unfamiliar with pollen grains as 
seen in the microscope rather than in drawings or photomicrographs, certain 
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of the terms may seem somewhat esoteric even as scientific jargon. However, 
for students of pollen morphology the glossary and appended references will 
be greeted with enthusiasm. Palynology, despite the small size of the objects 
with which it deals, is perhaps more replete with terminology than may seem 
justified, and the author has fortunately taken a conservative stand on the 
question of multiplication of descriptive terms. 

The volume is copiously illustrated both with line drawings and with 
photomicrographs of selected pollen types. These greatly supplement the 
descriptive value of the text. and, in addition, provide a basis for judging 
the relative value of drawings in contrast to photographs for depicting pollen 
grain structure, a problem of concern to students of both living and fossil 
pollen. 

This book is a substantial botanical contribution to palynology and its 
varied applications and contains as well much information which should be 
of general interest to systematic botanists and especially to students of the 
monocotyledons. The author is to be commended for this synthesis and cer- 
tainly encouraged to extend the work to include similar studies of the dicoty- 
ledonous pollen flora of New Zealand. 

ELSO S, BARGHOORN 


The Biology of Paramecium; by RaLpu WicuTerMan, P. xvi, 527; 141 
figs.. 57 tables. New York and Toronto, 1953 (Blakiston Company, $9.00) .— 
In these days of ultraspecialization, the research biologist is in more need 
than ever for reviews or compilations of the accumulated mass of information 
in a general field only a restricted portion of which he is particularly in- 
terested in himself. The general biologist and teacher also has need of a single 
source-reference to the sum of specialized investigations which have been 
carried out in any broad field of biological inquiry. Wichterman’s volume on 
the famed slipper animalcule. certainly the most celebrated ciliated protozoén 
ever placed on the stage of a microscope and an organism the study of which, 
in a sense, comprises a “field” in itself, admirably fulfills the requirements 
of both parties. Students. of course. will find it invaluable too. 

With competence Wichterman has treated extensively such varied topics 
as historical considerations, cytology, metabolism, ecology, genetics, and 
serology: in fact, no study employing some species of Paramecium as the 
experimental animal has escaped consideration by the author of this biological 
monograph, who himself has published half a hundred papers on these ciliates. 
Over twenty years ago Kalmus (1931) published a book of a similar nature 
of some 188 pages and 833 bibliographical references. The increase seen in 
the present volume, with its 527 pages and nearly 2000 references, affords 
evidence both of the need for a revised source book on Paramecium and of 
Wichterman’s thorough acquaintance with the ever-increasing literature on 
the subject. 

That the treatment of nearly all topics covered is completely up to date 
should be mentioned and is of credit to the author and the publishing house. 
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For example, the latest information available from electron microscopical in- 
vestigations, already proving invaluable for a true understanding of the 
complex, finer cytological structures, is included, Also handled well is the 
recent work, so signiffeant from both physiological and cytogenetical points 
of view. concerned with the nature of the mating substances in conjugation. 
The section on techniques will prove most helpful to neophytes and “old 
hands” alike. The frank discussion concerning the present-day status of Wood- 
ruff's “endomixis” leaves no doubt in the reader's mind that the phenomenon 
should be considered very insignificant in the life cycle of ciliates of the 
Paramecium-type, if indeed it occurs there normally at all; autogamy, on the 
other hand, in spite of its omission from nearly all biological texthooks, is 
certainly an important reality. 

Although there is much original work in the book and the author has 
often given critical analyses of conclusions drawn by other students of Para- 
mecium, in a number of instances it seems that the wheat has not been sepa- 
rated from the chaff. In such cases the book has only the value of a compilation. 
which, however, is not entirely to be disparaged. It is unfortunate in such a 
timely book that the long section on systematics included no mention of the 
taxonomic hypotheses proposed by von Gelei, Furgason, and especially Faure- 
Fremiet. which may prove to be of far-reaching significance in the classifica- 
tion of the ciliated protozoa in general. The nature of the compound ciliary 
organelles in the buccal region of Paramecium, first described accurately by 
von Gelei, whose cytological work has been included by Wichterman, appears 
to be entirely different from the buccal ciliature in all other trichostome 
ciliates but very similar to that of certain hymenostome ciliates (e.g. Disema- 
tostoma, Espejoia, Frontonia, Stokesia). Thus the transfer of Paramecium 
from the trichostome group to the hymenostome group, although involving 
a major and unprecedented move at the order or suborder level, seems well 
justified, since mouth structures are considered of major importance in the 
determination of phylogenetic relationships among the ciliated protozoa. This 
suggested move has not been greatly publicized in the literature to date, it is 
true, but it would have been appropriate for Wichterman to have realized 
the logic of this basic reclassification of Paramecium and to have championed 
the idea in his authoritative monograph. 


JOHN O, CORLISS 
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